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General Principles 

William Blum* and Waltkk R. MisyKaf 


The purpose of this general chapter is to summarize those prin- 
ciples and metliods that may find aiiplication in the plating of various 
metals. Since 1!)40 there has been a considerable expansion of elec- 
tro])lating, both in methods and in ajiplications. Much of this prog- 
]'css is related directly or indirectly to military problems. Since 1945 
the increased demand for consumer goods has stimulated the devel- 
opment of more eflicient and more economical procedures in plating 
and in other fields. This demand, and a scarcity of qualified research 
workers, may have retarded progress on fundamental problems in 
electrodeposition, upon which more research is greatly needed. For- 
tunately, duripg this period, the American Electroplaters’ Society and 
many industrial firms have expanded their researches, the results 
of which will not be fully realized for at least a few years. 

It will be observed that in the following pages many more problems 
are jirojioundc d than are solved. The need for basic studies in elec- 
trodeposition is now more fully apiireciated than in the past. Only 
through such investigations will plating cease to be largely “rule-of- 
thumb.” 

COMPOSITION AND CONSTITUTION OF PLATING 
SOLUTIONS 

Types of Solutions 

The division of plating baths injo three types, (a) acid, (b) neutral, 
(c) alkaline, is helpful, even though they are not sharply defined. In 
terms of pH they may be roughly classified as having pH values: (a) 

♦National Bureau of Stan(larcl.s, Washington, 1). C. (retired). 

t Enthone, Inc., New Haven, Conn. 
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lower blian 2; {b) between 2 and 8; and (c) higher than 8. The most 
coiimion examples are: (a) acid copper and chromium baths, (6) 
nickel baths, and (c) cyanide baths of various metals. 

Since 1940 marked progress has been made in the commercial devel- 
opment of new baths of all types. Fluoborates, long used for deposi- 
tion of lead and tin, arc now employed in acid copj)er and nickel plating 
baths. Slightly alkaline pyrophosidiatc ])aths arc used for zinc, cop- 
per, and nickel. Acid sulfamate baths of tin, lead, and other metals 
have been develojied, and various alkylsulfonate jdating baths are 
being investigated. The result is a great increase in the kinds of plat- 
ing baths that may warrant commercieJ trial and applicatioip. 
Wludiier any new bath ])ossesses significant advantages, such as thy 
use of higher current densities or the j)roduction of deposits with morfc 
tlesirable i)hysical proi)ertie«, must be determined by experimentA 
Even when a difference' like an increase' in the limiting current density\ 
by the use of a fluoboi’afe solutiem is found, it is still not possible to 
correlate tluise results with such measurable properties of the solution 
as conductivity, metal ion concentration, the p\\ at which hydrolysis 
occurs in the cathode film, i)e)larization, viscosity, and surface ten- 
sion. Until such correlations can be made, the choice of a bath fe)r a 
specific purpose' must be largely empirical. 

There have been few marked developments in the clectrocleposition 
of new or unusual metals. Success in the electrowinning of manganese 
indicates that nuinganese plating is entirely feasible if ‘a demand for 
it is justified. Present efforts are directed to the pi’oduction of the 
more ductile y-manganesc, instead of the veiy hard, brittle, a-fonn 
normally obtained by electrodeposition. This has been accomplished,^-* 
but the y-deposits rapidly revert to the a-form. 

Special interest attaches to the iiossible electrodeposition of “border- 
line” elements like molybdenum and tungsten (wolfram), thick coat- 
ings of which have not thus far been dejiositcd in pure form from 
aqueous solutions. Recently it was reported ^ that very thin deposits 
of molybdenum can l)e deposited from aqueous solutions of various 
salts. Alloys of tungsten with iron, cobalt, or nickel have been d(‘- 
posited.’ Efforts are now being made to deposit tungsten, molyb- 
denum, and other metals such as aluminum, titanium, tantalum, and 
zirconium from non-aqueous baths containing fused salts of organic 
solvents. If this can be accomplishell, and if deposits with good physi- 
cal properties can be obtained, entirely new methods and applications 
of electroplating ma}^ be developed. 


* Superior numbers mdicjiLe leferences, which appear at the end of each chapter. 
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ACID BATHS 

Metal Salt Plus Acid. The most commonly used acid baths contain 
chloride or sulfate, or mixtures of these salts. Nitrates are seldom 
used in plating baths becaxise they may be cathodically reduced to 
ammonia. (It is possible to use nitrates in silver cyanide baths be- 
cause in this solution the silver ion is more readily reduced than the 
nitrate ion.) The choice between sulfate and chloride is determined 
partly by the respective solubilities of these two salts of the metal in- 
volved. When, as with nickel and zinc, both salts are quite soluble, 
the chloride has, for equivalent concentrations, a higher conductivity. 
In baths of the iron group metals, the chlorides usually show less anode 
and cathode polarization than the sulfates. Plowever, these differences 
obviously do not account for the differences in physical properties of 
nickel, for example, deposited from the two types of bath. While it 
is entirely possible that complex ions of some kind may exist in small 
(concentrations in solutions of simple salts, with or without the pres- 
ence of other salts, it is unlikely that they can account for these dif- 
ferences in bchavioi’. These facts illustrate the present empirical 
basis for most plating processes. 

Other acids ]>resent as such or in salts in plating baths, e.g., fluo- 
boric, fluosilicic, sulfamic, and alkylsulfonic, are all relatively strong, 
and their salts are highly ionized. Although comjxlex ions may be 
presemt in sipall concentrations, they are not likely to account for 
differences in behavior of these baths. Tliere is at present no sound 
basis for predicting the specific effects of the anions in plating baths. 

Metal Chiejiy in the Acid Radical. Tlie principal bath of this type 
is the (diromiu acid bath, in which most of the chromium is present in 
the dichromate ion, CroOj-, although all baths in use also contain 
trivakmt chromium, which may exist ])artly as chiomic sulfate and 
l)artly as chromic di('hromate, each of which ionizes to form trivalent 
chromium ions. These in turn may be present as either the green or 
the violet modification, the projiortions of which may change with the 
temperature or other conditions. It is not surprising that no com- 
])lotcly adequate or very hc]i)ful theory of the mechanism of chromium 
plating has been developed. Kasper^ concluded that metal deposi- 
tion takes place by direct reduction of chromic acid, and not by step- 
wise reduction through trivalent 4 )r divalent chromium. Direct depo- 
sition from hexavalent chromium is supported by studies with tracer 
chromium 51.® Kasper’s theory and most of the others assume the 
existence close i-o the cathode of a semi-pcrmeable membrane, con- 
sisting, for example, of a basic chromium chromate, for the formation 
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and functioning of which the presence of sulfate or similar anions is 
essential. 

Extensive studies® have shown that the properties of chromium 
deposits are closely related to their content of oxygen, probably pres- 
ent as Cr.O;, or other basic compounds. On the other hand, Snavely 
and associates,^® on the basis of x-ray studies, have postulated the 
formation of chromium hydrides, which determine the crystal form 
(cubic or hexagonal) and some of the properties of the deposit. 

These divergent views have been mentioned here chiefly to empha- 
size the large amount of research still required to explain the mecha- 
nism of a chemically simple solution like the chromic acid bath. 

‘‘neutral^’ baths 

Most of the commercial nickel baths fall in this class; that is, the^ 
have a pH between 2 and 8. Acid zinc baths are usually between pit 
3 and 5, except those used with insoluble anodes (e.g., in the Tainton 
process), in which the free acid (concentration may be greater than 
1 N. Chlorides or sulfates, or both, together with boric acid or acetic 
acid, may be used in nickel baths. These and other salts may be 
added to increase the conductivity, decrease the metal ion concentra- 
tion, or increase the ano(l(‘ corrosion. There is not much evidence 
of com])lex ion formation with these simple salts, although jimmonium 
salts certainly form complex ions with nickel, especially in the cathode 
film, where the pH is higher than in the body of the solilbion. 

Just as with chromium, the structure and properties of nickel de- 
posits are closely related to their contents of basic material, such as 
oxide or basic chloride, or of organic materials derived from the 
brighteners used. The micn’oscopical examination of such deposits has 
not thrown inucli light on the composition or structure or even the 
location of these inclusions. Other methods, such as electron diffrac- 
tion, x-ray diffraction, electron microsco])y, or tracer techniques, may 
prove more fruitful in the study of this difficult problcau. The impo]- 
tant present conclusion is that appanmtly pure electrodeposits of most 
metals contain finite and significant amounts of foreign materials. 
Numerous observations indicate that silver deposited under the most 
favorable conditions in a silver coulometer may contain detectabk* 
amounts of foreign substances. 

• 

“alkaline” baths 

The most important alkaline plating baths are the cyanide solutions 
of gold, silver, copper, zinc, brass, and cadmium. Knowledge of the 
constitution of cyanide baths is far from satisfactory. Even when the 
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principal double cyanides that exist in the solid state have been iden- 
tified, there is no assurance that the same compounds or the corre- 
sponding ions exist in the plating baths. Thompson has summarized 
the available information on the coordination compounds believed to 
exist in cyanide solutions of various metals. Attempts to define the 
bath constitution by titration of the “free cyanide” content are likely 
to yield misleading results, because any existing equilibria are dis- 
turbed during the titration. Measurements of the potentials of cor- 
responding metal electrodes yield values of the “metal ion activity,” 
such as 10“ which have practically no physical meaning though 
they may be correlated with the dissociation or instability constants of 
one or more of the complexes. 

The problem is still furlher complicated by the addition or forma- 
tion of other comi)ounds such as hydroxide, carbonate, tartrate, cya- 
nate, formate, and ammonia, as well as by the addition agents and 
wetting agents. In such a solution the determination or computation 
of free cyanide is usually empirical and is useful chiefly for control 
pur])osos, and not as (ivideiice of the constitution of the complexes. 

Other alkaline baths include the pyrophosphates, of copper or zinc, 
for exarnph!, and the alkaline stannate bath commonly used for tin 
l)lating. Little is known of the constitution of these baths, much less 
of the mechanism of deposition. In the cyanide and stannate baths 
the metal to, be deposited is ])rincipally present in the anions. No 
l)resent theory adequately explains the process of depositing a metal 
such as silver from jmtassium argcntocyanide or argentocyanide anions. 


Hei.ations of pH TO Metal Deposition 

The preceding conventional classification of plating baths empha- 
sizes the importance of pH measurements in the control of plating 
operations. At present almost all large plating processes involve and 
bemefit from control of the pH within certain limits. These limits 
liitve ])een fixed almost entirely by trial and error and not by sound 
prediction. 

It is not difficult to explain the principal role of pH in simple salt 
baths such as those involving chlorides or sulfates (as in nickel baths 
for example). In these baths there are nickel ions and hydrogen 
ions which compete for deposition at the cathode. The ratio of nickel 
to hydrogen discharged is a measure of the cathode efficiency (unless 
other reducible substances like a ferric salt, hydrogen peroxide, or an 
addition agent are present). 
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Among the factors that may affect or determine the cathode effi- 
ciency of an acitl or neutral plating bath are: (1) the values and the 
ratio of the concentrations (or activities) of the metal ions and the 
liydrogen ions; (2) the relative positions of the standard potentials of 
the metal and hydrogen in the electrochemical series; (3) the relative 
polarizations (or overvoltages) of the metal and hydrogen on a given 
cathode surface under the prevailing conditions; and (4) the pH at 
which the metal salt hydrolyzes to form basic compounds. All these 
factors, and especially the last, may likewise affect the limiting cur- 
rent density for that metal and bath. ^ 

Because the values of the above properties are known, or can 'be 
measured with fair acaniracy for simple salt baths, it is possible to 
make sound jiredictions of the major effects of pH changes in sueh 
l)aths. The effect of pH on the cathode efficiency in an acid coppw 
hath will be much less than in a nickel bath because copper is more 
noble than hydrogen and nickel is less noble. Similarly, the deposition 
of zinc with a high cathode efficiency from a strongly acid zinc bath, 
as in zinc electrowinning, can be explained (and might have been i)re- 
( lie ted) from the high overvoltage of hydrogen on zinc. 

It is not easy to predict or explain the minor eff‘e(5ts of pH, for ex- 
ample the effects upon the physical j)roperties of the deposited nickel.. 
Recent studies^- have shown that the grain size, hardness,' and oxide 
content of nickel deposits from a given bath may reach minimum 
values at a ceitain pH and increase with a pH change iff either direc- 
tion. It is reasonable to expect that, at a given current density, a 
decrease in pH (i.c., an increase in hydrogen ion concentration) will 
leduce the tendency for tlu; formation of basic material in the cathode 
film and its inclusion in the deposits. The observed reversal of this 
effect probably involves the compensation of two opposing tendencies, 
for example, crystal size and inclusions. Purely for illustration, small 
(‘hanges in pH may influence the formation, charge, and migration 
direction of any material i)resent in a colloidal state in the cathode 
film. Observations on the effects of foreign cations, such as of so- 
dium, potassium, and magnesium, on the properties of nickel deposits 
suggest that they also may influence the behavior of colloids in the 
(‘athode film. 

There is no simple relation between the pH and the tendency of a 
given bath to form pitted de])osits.* A lower pH and resultant lower 
cathode efficiency do not usually inci-ease the pitting, even though 
more hydrogen is then evolved. As is well known, surface tension and 
the presence of impiuities are more important factors in pitting. Their 
effects may, however, be influenced by the pH. 
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The effects of pH arc still less predictable when there are present 
addition agents or brighteners for each of which the optimum pH 
must be defined empirically. 

In alkaline baths, such as those containing cyanide, pll control is 
useful, but even moi'e empirical than in acid or neutral baths, partly 
because less is known about the dissociation or hydrolysis of the com- 
plex cyanides (especially in the i)rescnce of carbonates and liydrox- 
ides) tlian of simjde salts. The extent of hydrolysis of the alkali cya- 
nides is so great that, with sufficient free cyanide, a given pH (uji to 
10) may be reached with sodium cyanide as well as with sodium 
hydroxide, and the pH measurement gives no clue to which is pres- 
('iit or is needed. If, as in sim])le baths, the limiting current density 
is defined by the precipitation of an excess of basic material, the con- 
tent of free cyanide and of ammonia (e.g., in brass baths) is probably 
more determinative than the hydroxyl ion con(;ent ration defined by 
the pTT. 

At present the measurement and control of pH in plating operations 
must be considered a useful, important tool, similar to the control of 
temperature and current density. The preferiCMi limits of pH and 
Uie pi’c^cision recpiired in its control for a given bath and operating 
condilions must be defined by experiment and experience. 


, Addition Agenis 

The very great incivase in the use of "bright plating” baths, notably 
of nickel, but also of copper, zinc, and cadmium, has made the use of 
addition ageids the rule rather than the exception. (In this discussion 
the term addition agent will be used in a generic sense, regardless of 
whether the substiince is added to yield brighter, smoother, or harder 
deposits.) The production of bright deposits of metals such as cop- 
per and nickel, which would otherwise require buffing, represents an 
economy in the cost of both the buffing operations and the metal that 
would have been removed by buffing. With metals like zinc and cad- 
mium which are not usually buffed, and which rapidly turn dull in 
normal atmospheric exposure, the production of bright deposits is 
justified principally by their initial appearance. (The use of bright 
dips for zinc and cadmium is to some extent a substitute for bright 
plating of these metals but is alsD associated with improving tarnish 
resistance.) 

The large amount of industrial research on bright plating, especially 
of nickel, has resulted in the commercial application of several types 
of baths that arc now extensively and successfully used. Control of 
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t\\ese is usuaRy moie cntical llnan coi\tTo\ ol p\am batVis, espe- 

cAally ii li is necessary to plate irregularly sliaped articles on which 
Die current density varies widely. For this reason certain “scmi- 
brigliC' baths are frequently employed which yield deposits that re- 
(luire only light buffing. Apparently certain of these baths have a 
‘'smoothing'’ action; that is, the deposits produced on a dull sur- 
face (e.g., one with a profilometer reading of 20 fi-in.) become smoother 
as the thickness is increased. In contrast, most plating baths, such as 
the acid coi)per or Watts nickel bath, yield increasingly coarser de- 
j)osits as the thickness increases. No adequate explanation of this 
smoothing action, or of its relation to brightening, polarization, > or 
throwing power, has yet been presented. \ 

The increased use of definite chemical compounds as addition agents 
may be expected to lead ultimately to a better understanding of the\r 
functions (e.g., of the individual groups in certain organic compounds )\ 
Thus far, however, no comprehensive explanation or theory of the 
action of these addition agents has been proposed. It is well known 
that many of the bright nickel deposits are laminated, probably as a 
result of a cyclic process in which, in the cathode film, the potential 
builds uji to a point where the addition agents (or i)roducts derived 
from them) arc codeposited with the metal, after wliich the potential 
decreases to some lower (less negative) value. Although oscillograph 
measurements have confirmed the existence of such cycles in the 
l)otentiaI and currenf, these have not yet been closely correlated with 
the thickness of the laminae or the constitution of the addition agents. 

The presence of carbon in deposits i)roduced from baths containing 
organic comiiouuds is well known. It is not so generally recognized 
that such deposits may also contain sulfur or nitrogen, derived from 
the addition agents, and hydrogen, oxygen, sulfate, and chlorine, de- 
rived fj’om the salts or water. Present analytical methods are inade- 
quate for determining the composition of the actual compounds in- 
cluded in the de})osiLs, much less their form or distribution. An im- 
portant point is that the inclusions of foreign substances have a direct 
relation to the structure and physical properties of the deposits. Fur- 
ther studies arc needed to throw light on such questions as the effect of 
the addition agent upon the cathode polarization and upon the compo- 
sition, structure, and properties of the deposit, and upon the mechanism 
by which these effects are produced.* 

SURFACE TENSION 

The measurement and control of the surface tension of cleaning, 
])ickling, and plating solutions is assuming an increased importance. 
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In tLe nsc oi alkaline cleaners and emulsion cleaners, suriace tension 
largely determines tire iormation and stability of the emulsions which 
result when most of the grease and dirt is removed. However, wlien 
such a solution is successfully compounded, its surface tension is usu- 
ally within the desired limits, and its further measurement and con- 
trol are unnecessary. 

“AVetting agents” or “surface-active” substances in pickling solu- 
tions yield a foam blanket that decreases the spray. They also in- 
crease the assurance that the metal surface will be uniformly wet and 
acted on by the pickling solution. Such additions do not, however, 
excuse or justify inadequate cleaning of the surface prior to pickling 

In plating baths the surface tension has a direct relation io the 
tendency for pitting to occur, because it affects the size of the hydro- 
gen bub})](‘s that can be retained on a given surface. In general, a 
decrease in surface tension favors the release of bubbles and lienee 
retards pitting. The extensive use of hydrogen peroxide in plain 
nickel baths depends on its ability to oxidize such impurities as fer- 
rous iron and certain tyjies of organic* matter that may foster pitting. 
If an excess of hydrogen peroxide is present, it is reduced at tlie 
cathode, as indicated by a lowcn’ cathode (efficiency for nickel deposi- 
tion. Any residual hydrogen peroxide increases the stress in the 
deposited nickel. 

Because hydrogen peroxide may oxidize some of the organic bright- 
cners in nickel bafhs and thus destroy their usefulness, it is now cus- 
tomary to add wetting agents to bright plating baths to prevent pitting. 
Their effective concentration is most readily controlled by measure- 
ments of surface tension. 

Most of the modern wetting agents are salts of organic sulfonic 
acids. In the insecticide industry alone, more than one hundred such 
compounds have been used io facilitate wetting of foliage by the sprays. 
Most of these comiiounds would jirobably reduce the surface tension 
of a nickel bath, but only a small number are compatible with the 
other recpiired bath properties, such as a specific pH. Since these 
substances are complex and are generally used in small concentrations, 
their direct analytical dciterinination is difficult, if not impossible. 
Most wetting agents lead to an increased brittleness of the nickel de- 
posits, and care must be exercised^ to select those that have the mini- 
mum embrittling effect. 

In most of the methods for measuring surface tension, direct com- 
parison is made with pure water. At 20°C the surface tension of pure 
water is approximately 73 dynes/cm, and at 100°C it is about 59 
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dyncs/cin. Roughly, the surface tension of water decreases about 1 
dyne/cm for each rise of 5°C in temperature. 

The common methods of measuring surface tension depend respec- 
tively upon: (a) the rise of the liquid in a capillary tube, (b) the size 
of the drop that falls from a horizontal annular surface, (c) the pull 
required to detach a circular ring of wire from the liquid surface, and 
{(1) the sessile bubble method, in which the shape of a drop on a glass 
jdate or of a bubble under the plate is measured.^"' 

Of these methods, (h) and (c) are most conveniently applied to 
cleaning or plating baths. Method (d) is useful if surface-active 
agents are present, in which case some time may elapse before an equi- 
librium surface tension is reached. For method (h), sometimes called 
the droi)-weight method, a stalagmometer is used. This consists of a 
glass tube having an expanded portion with a definite volume betwen 
(wo marks, and an attached cai)illary tube with the lower tip ground 
fiat and [)olished. The number of drops of the solution corresponding 
(.0 the measured volume is cortipared with the number of drops of pure 
water at the same temperature'. Method (c), the tensiometer method, 
is usually applied by means of the DuNouy temsiometer, in which a 
]‘ing of cleaned platinum (or jdatinum-iridium) wire is withdrawn from 
the surface of the licpiid by api)lying toj'sion to a wire connected to the 
ring. The n'cpiired load, nuuisured in divisions on a cirefdar scale, is 
eom])ared dirc'ctly with the load requii*ed for pure water at the same 
temperature. 

Viscosity 

An increase in viscosity of a plating solution affects the cathodes 
])olarization by retarding the upward movement of depleted solution 
on the cathode surface, the replacement of the cathode film by mechan- 
ical convection, and the diffusion rate of the depositing ion. In gen- 
eral, an increase in viscosity makes the cathode film thicker and 
hence raises the cathode polarization. This in turn may increase the 
throwing jiower. For example, in a ^fiiigh sulfate” nickel bath the 
ineveased cathode polarization and throwing power are the result of 
the increased viscosity of the solution, as well as of the common ion 
effect of the sodium sulfate. 

In electropolishing, relatively viscous solutions retard the replenish- 
ment of the solution entrapped in 4.he depressions and thereby favor 
anodic solution of the projecting parts where the solution is more read- 
ily replenished. The viscosity of a plating bath has a direct relation to 
drag-out, because it determines the rate at which the solution drains 
from the object after its removal from the bath. 
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Although it is often helpful to know at least the relative viscosities 
of plating solutions, it is unlikely that routine measurements of vis- 
cosity would be useful for control. In most baths appreciable changes 
in viscosity will occur only if there arc large changes in composition 
or concentration which can be readily determined by chemical analysis. 

MECHANISM OF ELECTRODEPOSTTION 

No marked progress has been made in recent years on the me(‘lianism 
of electrodeposition, even from simple salt baths. The present knowl- 
edge on this subject and the results of recent studies arc summarized 
in a symposium on ‘'Electrode Processes’’ held by the Faraday Society 
in 1947.^« 

Where and how a cation combines with an electron from the cathode 
to form a metal atom have not yet been established At least two 
processes have been suggested. According to one theoiy the ion is 
preferentially neutralized and discharged at some point on the cathode 
surface that fills a gap in, or continues, an existing space lattice of the 
dcf)osited metal. ]f no such point exists within a distance of the 
particular ion such that the available potential is adequate to cause dis- 
charge of the ion at that iioint, a nucleus of a new crystal lattice is 
formed. This theory postulates a slightly lower potential to cause 
growtli of an existing crystal than to start a m‘W ciystal. Accord- 
ing to the oUier theory the ions are neutralized and discharged at 
random on the cathode surface, and later the atoms oricait themselves 
into the space lattice and crystal size that arc characteristic of the 
metal. This theory involves the assumption that the discharged 
metal atoms hav(i an appreciable initial mobility. 

Any adequate theory of electrodeposition should not only account 
for the ion discharge and crystal formation at the cathode but should 
also correlate these with the prevailing polarization. An increase in 
cathode polarization usually leads to the formation of finer-grained 
deposits, yet other factors undoubtedly affect the crystal size and 
type. The problem becomes still more involved if metal deposition 
takes place from complex salt baths, in which most of the heavy metal 
is in the anions. 

Although many methods of attack may prove fruitful, a more in- 
tensive study of the composition g,nd behavior of cathode films prob- 
ably will yield the most direct results. The methods proposed by 
Haring,’^ Brenner,'^ and Graham^® warrant further study, and espe- 
cially Brenner’s freezing method, which yields data on the concen- 
tration gradients but not necessarily on the composition of the salts or 
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ioiiK in tJie cathode film. The procedure is difficult and time-consum- 
ing, but its use in a systematic study of a few types of bath may be 
worth while. In this and other methods of studying cathode processes, 
tracer techniques may also prove helpful 

DISTRIBUTION OF THE CURRENT AND 
OF METAL DEPOSITS 

The inclusion in many specifications of reciuirements for a minimum 
thickness of dej)osit on significant surfaces has emphasized the im- 
portance of securing as nearly uniform metal distribution as pralctic- 
able. Except with a few simple geometrical shapes and systems, a Wi- 
form distribution of current over the entire electrode surface is mot 
possible. The distribution of metal, which is the significant result, 
depends ujion: (a) the distribution of the current, and (b) the respec- 
tive catliode efficiencies at the prevailing current densities. If, over 
the current i*angc involved, the cathode efficiencies are e(]ual, the 
mental distribution is tlie same as the current distribution. 

The actual (or secondary) current distribution in any systmn is the 
r(\sult of: (a) the iirimary distribution, which is a function only of the 
shajic and dimensions of the system, and (6) the polarizjition. The 
primary curi'ent distriliution is that which prevails in the absence of 
polarization. 

Primary Current Distribution 

In a scries of jiapers on the theory of the potential, Kasper lias 
demonstrated with mathematical examples how the current distribu- 
tion may be computed in certain geometrical systems. Typical re- 
sults are illustrated by diagrams in which the equipotential surfaces 
and the lines of flow (which are always normal to these surfaces) arc 
depicted. These cominitations and illustrations show conclusively 
that in most cases the shajic and dimensions of the system have far 
greater effects uiion the actual current distribution in electrodeposition 
than any elTcct that can be brought about by changes in polarization 
or cathode efficiency. 

Polarization 

The effect of polarization can be computed only by mathematical 
consideration of the shape of the iiolarization curve, the conductivity 
of the electrolyte, and the geometry of the entire system. In practice, 
even the direction of the effects of differences in polarization, conduc- 
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tivity, and cathode efficiency upon the metal distribution upon a par- 
ticular object cannot be predicted unless their separate effects are all 
in the same direction. Otherwise, it is entirely possible that a change 
in operating conditions, and hence in the above three variables, may 
make the metal distribution more uniform on an object of one shape 
and less uniform on another. 

Spacing of Elkctrodes 

Another important result of these studies is the ability to predict 
for certain systems the effect of the spacing of the cathodes with re- 
spect to each other and to the anodes. In general, whenever the 
anodes and cathodes are separated by such distances that the equi- 
potcntial surfaces approach planes (i.e., straight lines in the sectional 
drawings), any further increase in the spacing has no appreciable 
effect upon the current distribution. This “optimum” spacing is often 
only a few times the diameter of the electrodes. 

Throwing Power 

The numerous researches on tlirowing power since 1925 have had 
as their goal the direct measurement of the relative behavior of vari- 
ous solutions witli respect to current and metal distribution, and the 
presentation of results by numbers whose values expressed the rela- 
tive throwing nowers of the baths. Methods like that of Haring and 
Blum and its various modifications, in which a rectangular box is 
employed, attempt to represent by linear conductors two or more parts 
of an article of any shape on which the primary current density varies, 
and to which the “effective resistances” therefore vary (inversely). 
When such devices were proposed, it was clearly understood that, in 
all systems exceiit linear conductors, the actual resistances are not 
directly jiroportional to the distances. The importance of this distinc- 
tion has not always been appreciated. Actually, as shown by Kasper, 
many real electrode arrangements more nearly approach cylindrical 
or spherical systems, in which the relations are not linear. The in- 
adequacy of linear models is most evident in estimating the effects 
of polarization, in the correct coipputation of which the entire shape 
of the article must be considered, and not merely the positions or rela- 
tions of two selected points such as are represented by the box. 

Recently Hoar and Agar^- have made a critical analysis of the 
factors that influence the values of throwing power as measured in the 
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Haring cell. Their detailed conclusions confirm the general principles 
stated here. 

It was also early recognized that any numerical values for throwing 
power obtained in the box will depend upon its absolute size as well as 
upon the ratio of distances. The most that can be expected from 
measurements in different boxes is that they will place different solu- 
tions in the same order, even though the numerical values will not be 
alike or even proportional. If the measured differences in throwing 
power are relatively large (e.g., between an acid and a cyanide copper 
batli, or between a nickel and a chromium bath), they can readily be 
])redicted from known or measurable values of polarization, con^uc- 
tiviiy, and cathode efficiency. If, however, the differences betw^xn 
iwu baths are small (e.g., less than 5% on the customary scales), 
(1 iff e rent-sized boxes might reverse the results, because changes \in 
the above three factors might have different relative effects. In such 
a. case the results obtained with any box would be less likely to repre- 
s('ni, correctly the relative metal distribution upon objects of widely 
different shapes. 

Throwing power is not a single, measurable property of a solution. 
Th(‘ chief value of measurements made in any device, such as a box, 
is pedagogical. Such measurements may be useful to indicate the 
order of magnitude of the differences between different solutions or 
conditions of operation. When such differences arc found to be small, 
their actual values, however exju’essed, are not significaht. The same 
considerations ajiply to other empirical devices in which a cathode of 
a certain shape is used, because then the results with two or more 
solutions (unless they arc widely different) are not applicable to 
articles of entirely different shapes. 

Covering Power 

In certain methods, for example the bent cathode and the 
cavity scale, the behavior of the solution is judged by the extent to 
which the cathode is covered. For convenience, this property is 
preferably designated covering power, which is related to tlirowing 
jxnver and to the lowest current density at which metal can be do 
j)osited from the bath. 


Plating Range 

Covering iiower is in turn related to the jilating range. In a broad 
sense this term may include the entire range of current density at 
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which a metal can be deposited from a given bath under any condi- 
tions. It is, however, more properly restricted to the range within 
which deposits having certain desired properties may be produced. 
In order to avoid the necessity of making a series of measurements, 
Hull developed a rectangular box with an anode perpendicular to 
the sides and an inclined cathode. The current density on the cathode 
varies inversely with the logarithm of the distance from the near end 
(where the current density is highest). This device may be used to 
study the current density range within wliich desired (e.g., bright) 
deposits may be obtained, and to determine the effect ui^on that range 
of a given change in composition or operating conditions. It may also 
be used to control the operation of a given ])ath; for example, by indi- 
cating the required amount of sonu^ addition agent that cannot be read- 
ily controlled by chemical analysis. 

PHOPEliTlES OF ELECTRODEPOSITS 
Thickness 

Numerous researches confirmed by expej’ience ha^x• shown that the 
tJiickness of electroplated (‘.oatings is tlic most important single factor 
ill their resistance to wear and corrosion. This property is most logi- 
(‘-ally cxiiressed in terms of the minimum thickness on ‘'significant” sur- 
faces — areas that- ai’c visible and subject to abrasion and corrosion. 
The earlier specification of average thickness was justified principally 
be(‘ause satisfactory methods for measuring tlie local thickness were 
not then available. At firesent the specification of average thickness 
is confined largely to coatings of metals sucli as silver and gold, the 
intrinsic value of which is an important consideration. 

AVERAGE THICKNESS 

Methods for determining the average thickness of plated coatings 
dejicnd uiion solution of the c-oating. If this solution is such that 
there is no significant attack of the basis metal, the loss in weight 
gives directly the weight of the deposit; from this weight and the 
area and density of the coating the average thickness may be com- 
puted. If the basis metal is atta(;ked, the weight of the coating must 
be determined by analysis of the resulting solution. For most plated 
coatings, stripping methods have been devised that arc quantitative 
within about 10%. (Usually they are also applicable for stripping de- 
fective coatings prior to replating.) 
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LOCAL THICKNJESfe 

By Linear Measurement, (a) Microscopical Method.-^ The mi- 
croscopical measurement of appropriate cross sections is the most 
direct and generally applicable method for measuring local thickness 
and is, hence, widely used in specifications, especially as the umpire 
method. It destroys the specimens tested and requires considerable 
equipment and experience. For coatings with thicknesses down to 
0.0001 in. (2.5 /a) its accuracy is about ±5%. 

(b) Chord Method.-®-^’’ This method consists in just cutting 
through the coating on a cui'ved surface with a flat file, or on a pilane 
surface with a precision grinding wheel, and measuring the widtJa of 
the cut, i.e., the chord of the arc. The coating thickness T equals 
C‘^/SRj where C is the width of cut and R is the radius of curvature 
of the surface or the grinding wheel. This method destroys the cost- 
ing, but usually the basis metal may be stripped, repolished, and 
plated. With thicknesses down to 0.0002 in. (5.1 /a) its accuracy is 
about rkl0%. 

By the Kate of a Chemical Reaction, (a) Immersion Methods. 
The best-known immersion method is tlie Preeco test, in which a zinc- 
coated steel article is immersed in an aqueous solution of copper sul- 
fate (sp. gr. 1.186) for successive 1-minute intervals until 'an adherent 
deposit of copper is produced on the steel. It has been shown that 
this method is not a very reliable measure of thickness, because the 
vesultiS are influenced by the type of zinc coating and by tfle shape of 
iihe article. It is chiefly useful for indicating the relative distribution 
of the coating. 

(b) Spot Tests. In these tests one drop of a reagent is applied to 
the plated surface, and the time required for complete solution of the 
coating at that point is noted. The best-known example is the meas- 
urement of thin chromium coatings by application of one drop of con- 
centrated hydrochloric acid. Both the temperature and the concentra- 
tion of the hydrochloric acid must be closely controlled to secure an 
accuracy of dzl0%. 

(c) Dropping Tests. For these tests a stream of drops of an 
appropriate reagent is allowed to fall onto the plated surface at a 
(‘ontrolled rate, and the time required for penetration of the coating 
is noted. This method is especiallyiuseful for such metals as zinc and 
cadmium, which dissolve readily without becoming passive. In the 
original method a solution of iodine in potassium iodide was em- 
ployed for cadmium coatings. Subsequently,'*^ acidified solutions of 
ammonium nitrate were used for both zinc and cadmium coatings. 
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More recently,^** a solution containing 26.8 oz/gal of chromic acid 
(CrOs) and 6.7 oz/gal of sulfuric acid was found to yield sharper 
endpoints for zinc and cadmium coatings. With chromic acid one 
thickness factor may be used for different types of cadmium deposits, 
and another for zinc deposits, including electroplated, hot-dipped, and 
sherardized. These factors vary with the temperature at which the 
test is made. In general, an accuracy of ±15% may be secured. 

(d) Jet Tests. In these tests a continuous fine stream of the re- 
agent is allowed to impinge on the surfa(‘C until the coating is pene- 
trated, as determined by observation when the stream is interrupted at 
intervals. This method has been especially recommended for nickel 
coatings, for which a reagent containing 40.2 oz/gal of ferric chloride 
and 13.4 oz/gal of copper sulfate is recommended. The factor de- 
l^ends upon the temperature. Some bright nickel deposits dissolve at 
the same rate as plain nickel, and others about 50% more rapidly. 

(e) Electrochemical Methods. The thickness of a coating may be 
determined by measuring the time required for it to dissolve anodically 
at a specified current density. A recent example is the measure- 
ment of the thickness of chromium coatings by making them anodic 
in a solution of trisodium phosphate and sodium sulfate. In general, 
an accuracy of ±5% was obtained. 

Magnetic Methods, These methods, which are rapid and non-de- 
structive, depend upon the facts that; (a) nickel coatings are magnetic, 
and (b) any "lum-magnetic coating upon a magnetic metal such as 
steel decreases Mic magnetic effects of the metal. Such effects may be 
measured by changes in either the attraction of a permanent magnet 
or the reluctance of a circuit that includes an electromagnet. 

A permanent magnet is employed in the instrument called the 
“Magne-Gage,^' which was developed at the National Bureau of 
Standards, and in similar instruments devised by Hoare and 
Chalmers and by Richards."” Instruments with a permanent mag- 
net may be used to measure the thickness of nickel coatings on brass 
or zinc base die castings. Nickel deposited under different conditions 
varies in magnetic properties, but, when heated to 400°C for a short 
time, all nickel coatings acquire the same magnetic behavior. 

When there is a non-magnetic coating on steel, the attraction is re- 
duced by the interposition of the ^oating. As nickel is less magnetic 
than steel, its thickness on steel may also be measured. By making 
measurements with two magnets, for which appropriate calibration 
curves have been prepared, it is possible to measure the thickness of 
both the copper and the nickel layers in composite coatings on steel.^” 
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These instruments are calibrated with plated coatings of known 
thickness, by means of which they should be occasionally checked. 
They are applicable to a plane surface and to a curved surface with a 
radius of curvature at least three times the diameter of the magnet. 
Under appropriate conditions the results are accurate within about 
On rough surfaces the results are less reliable. 

Instruments in which variations in an electromagnetic circuit are 
used have been described in England by Tait;'^^ somewhat similar 
instruments arc made in this country by the General Electric Com- 
pany. A similar device was also developed by Elwood for mesisur- 
ing non-magnetic coatings on steel. ' 

X-Ray Methods. Isenberger suggested that the intensity of^Iie 
x-ray dilTraction pattern might be used to measure the thickness d^f a 
plated coating. More recently, Wood^*^ made efforts to measure the 
thickness of silver on plated spoons by means of the intensity of^ a 
radiograph. Neither of these proposals has resulted in a simple non- 
destructive method which is especially desirable for non-magnetic 
coatings on non-magnetic basis metals. 

Adhesion 

The adhesion of ii i)lated coating is considered poor if tfie coating is 
detached when a stress is applied, for example, by deformation, change 
in temperature, evolution of gases, or corrosion of the basis metal 
through pores. Poor adhesion is likely to result from: (a) ])rescncc 
of some foreign material between the coating and the basis metal, (h) 
strains in the dei)osited metal, or (c) a weak layer of metal either on 
the surface of the ])asis metal or in the initial deposit. The last condi- 
tion, which may permit some of the basis metal to adhen'. to the de- 
tached coating or vice versa, is evidence that then the adhesive force 
is at least equal to the strength of one or both of the members, which, 
strictly speaking, re])rescnts the best adhesion that can be measured. 

In an effort fo clarify the present confusion in terms used to de- 
scribe the adhesion of coating, Faust described and illustrated 
the various locations and types of detachment of a plated coating from 
a basis metal. He then proposed that the term “bond strength” be 
used to define the force necessary to detach a coating regardless of 
whether it separates at the metallic interface or within the coating or 
basis metal. The term “adhesive strength” would then be used to de- 
fine the force required to detach the coating at the interface. As so 
defined, the bond strength may equal but not exceed the adhesive 
strength. 
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While such a distinction may at times prove advantageous, it would 
not eliminate the necessity of an explicit statement of the location and 
nature of the separation when a specific bond strength is reported. 
The adhesive strength as so defined would be incapable of direct meas- 
urement if it exceeded the strength of the coating and the basis metal. 
The subject needs further study before fully adequate terms can be 
defined. 

The most conclusive evidence of the absence of any foreign material 
at the interface is the continuation of the size and shape of the ciystals 
of the basis metal into the deposit, which may be of the same or of a 
clillercnt metal. The maximum adhesion might then be expected. 
This intimate contact of the basis metal and coating is most favorable 
lo the formation of an alloy at the interface. If this alloy is strong, 
it may increase the adhesion, but, if, as with copper on a zinc-base 
die casting, a weak, brittle alloy is formed, the apparent adiiesion is 
decreased. 

Ferguson and associates conducted Research Project 3 of the Amcri- 
c-tiii Electroplaters’ Society on the adhesion of electrodeposits. Their 
bibliography, considerations, and conclusions show that there is at 
present no (luantitative method for measuring the adhesion of plated 
coatings on finished articles of varied shapes. Hence qualitative tests 
such as bending, hammering, stretching, or chiseling are frequently 
ap])liod. At best, such tests indicate merely whether the adhesion is 
good or poor. , The two quantitative methods that have been devised 
both require the preparation of special specimens and are therefore 
chiefly useful in '“csearch on the effects of certain variables upon the 
adhesion. 

.lACQUET METHOD 

In the method of Jacquet a thick coating is ap])lied to a flat strip 
so that one end of the coating can be readily detached and held in a 
suitable tensile machine. The force (c.g., in pounds per inch or kilo- 
grams per centimeter) reejuired to pull the coating from a strip of 
definite width is measured. A fundamental objection lo this method 
is that the force is not applied normal to the surface; hence the 
a])])arent adhesion changes with the thickness of the coating. 

Meslc"^® used a modification of the Jacquet method to study the 
effects of different variables upon Jhe adhesion of plated coatings. 

OLLARD METHOD 

In the method of Ollard a very thick coating, for example 0.1 in. 
of a metal such as nickel, is applied to one end of a cylinder of brass or 
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steel. The d(^posit is then turned on a lathe to leave a sharp external 
shoulder, and a hole is drilled in the center. The specimen is so 
placed that the shoulder rests on a steel collar, and a load is applied 
to the center by a small plunger. From the force required to detach the 
ring of deposit, the adhesion (c.g., in pounds per square inch or kilo- 
grams per square centimeter) is computed. 

Rochl made a critical study of Ollard's method for measuring the 
adhesion of nickel to steel and cast iron. He found that, in order to 
obtain reproducible and significant results, it was necessary to insure 
that the fracture occurred in tension and not in shear. For nickel 
coating on steel the shear strength had to be made at least 1.3 times the 
tensile strength of the bond. This was accom])lished by hav^^ng the 
steel cylinder exactly 1.00 in. in diameter and supported in a\ collar 
or die that was 1.02 in. in diameter. The inside hole was 0.93^^ in. in 
diameter, and the plunger was 0.375 in. in diameter, with a roUnded 
end. With a nickel coating at least 0.09 in. thick, the measured ad- 
hesion of the “hard” nickel on steel was 85,000 Ib/sq in., which was 
slightly above the measured tensile strength of this nickel (78,000 
Ib/sq in.). The “adhesion” of nickel (over copper) on cast iron was 
only 7000 Ib/sq in. and the fracture occurred in the co))per layer. 
These results show that Ollard’s method is a valuable research tool, 
but that it must be a])plicd with special precautions iii order to yield 
reliable values for adhesion. 

Protective Value 

In most cases electroplated coatings are applied because they have 
properties different from the basis metal, especially greater resistance 
to tarnish, or because they protect the basis metal against corrosion. 
Even when appearance is a primary consideration, protection against 
corrosion is also significant. With a specified basis metal, coatings may 
be divided into two classes: (a) those that (in a given environment) 
corrode inore readily than the basis metal, and (b) those that corrode 
less readily. With steel, these types are represented by: (a) zinc and 
cadmium coatings, and (b) practically all other plated metallic coat- 
ings, The distinction is less sharp with other basis metals. 

EXPOSURE TESTS ON STEEL 

• 

Extensive exposure tests conducted jointly by the American Electro- 
platers' Society, the American Society for Testing Materials, and the 
National Bureau of Standards have shown that the protective value 
of either zinc or cadmium coatings on steel is practically proportional 
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to their thickness. In either mral or marine locations a thin coating 
[e.g., 0.0002 in. (5.1 ju)] of either metal furnishes considerable protec- 
tion, but in industrial atmospheres, which arc likely to contain both 
sulfur dioxide and sulfur trioxide, zinc and cadmium are rapidly at- 
tacked and dissolved. Under these conditions cadmium coatings fail 
more rapidly than zinc coatings of the same thickness. 

The protective value of more noble coatings on steel (e.g., coatings 
of copper, nickel, and chromium) depends ])rincipally upon the free- 
dom from porosity of the coatings, as these metal coatings themselves 
arc not rapidly attacked, even in industrial locations. Practically, the 
best way to reduce the porosity of copper and nickel coatings is to 
increase their thickness. On the other hand, there is an optimum 
thickness of decorative chromium coatings, at approximately 0.00001 
to 0.00003 in. (0.25 to 0.75 /x). Thinner chromium coatings usually 
luive more pores, and thicker coatings may have more cracks. 

SPECIFICATIONS FOR PLATED COATINGS ON S'l’EEL 

The specifications for i)lated coatings on steel adopted by the Ameri- 
can Electroplaters’ Society and the American Society for Testing Ma- 
terials may be summarized as follows. Zinc and cadmium coatings 
of each type are defined solely in terms of the minimum thickness on 
significant surfaces. For the chromium finishes the minimum thick- 
ness of nickel or of copper plus nickel is specified; the final nickel must 
be at least 50%. In addition, a minimum thickness of 0.00001 in. 
(0.25 jji) of chromimii is reciuired on all types. Exposure for a specified 
period in the salt . pray test without appreciable corrosion is also speci- 
fied. The thick^a\ss of the chromium is determined by the spot test 
with hydrochloric acid, and that of the other metals by the microscopi- 
cal method. 

COATINGS ON BRASS 

C'oatings of a given thickness of nickel and chromium funaish better 
])rot4*0tion on copper and brass '’^ than on steel, probably because the 
basis metal is less rapidly attacked, and not because the coatings are 
less jiorous. In fact, to obtain comiilctc protection of brass under 
severe conditions requires nearly as thick nickel coatings as are re- 
quired on steel. 

COATINGS ON ZINC 

On zinc and zinc-base die castings, the required thickness of nickel 
and chromium is about the same as on steel. A copper layer under 
the nickel somcAvhat reduces the protective value, but, as it is not 
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praclicablo coinincrcially to apply thick coatings of pure nickel, an 
initial layer of copper is almost always used on zinc die castings, 
especially wJien bright nickel is sul)sequently applied. The salt spray 
test is useful Lo dctcict pores in nickel or chromium coatings on zinc. 

]H)ROSl^ry TESTS 

It has b(u'n (bhicult to study the causes and effects of pores in elec- 
tro(lept)siLed coatings because no quantitative methods have been 
available for detecting and evaluating porosity. In Researc^h Project 
() of tlic American Electroplaters’ Society, Tlion and associated have 
compiled an extensive bibliography and review of the porosiiy.of (deo 
i.iodeposited metals. They found that the ferroxyl i-est yieldctl iime- 
liable results for porosity, even when the concentration of ])o^assiiim 
ferricyanide was iiKU’eased to 6.7 oz/gal, and that of sodiiun cldoride 
was decreased to 0.2 g/1. As part of this investigation, a study is in 
l)rogress upon the intrinsic permeability of electruplat(‘.d coatings 
(e.g., of nickel foils tliat have been deposited upon, and siTii)i)ed from, 
stainless steel). The rates of passage of air or other gases through 
these thin foils, in which no pores can be detected by light transmis- 
sion, have been measured. In general, the results show that char- 
acteristic and reproilucibl(5 i)ermeabilities are being measured. ldies(' 
])crmeabilities are proportional io the pressure differences, and in- 
versely i)roportional to the densities of the gases. They ai)proach 
zei ‘0 with nickel foils more than about 0.0002 in. tliick.’ 

It I'cmaiiis to be determined whether there is any relation between 
the intrinsic peniieability of plated coatings and their juotective value. 
Most of the available evidence indicates that the latter is partly de- 
l)endent upon the j)rescnce (or absence) of actual pores that c.an be 
detected, if not accurately evaluated, by methods such as the follow- 
ing. lIowev(;r, coi’i’osion of the coatings undoubtedly plays an im- 
poiiant part. 

Salt Spray Test, In the specifications mentioned above, the salt 
sj)j‘ay test is used princijially as a measure of the i)orosity of nickel 
or composite coatings on steel or zinc. At l)est, it is a measure of the 
quality of the coating and not of its protective value in any given 
environment, exce\it as such a relation has been established by ex- 
perience. 

Considerable progress has been made in defining the conditions for 
operation of the salt spray test so that reproducible results can be ob- 
tained. The rate of corrosion in the salt spray has been shown to be 
directly related to the rate of condensation of the fog or mist upon the 
surface tested. Accordingly, most recent specifications for the salt 
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s[)ray lest provide for the nieasiireinent and eontrol of the volume 
of li(]uid that settles on a horizontal surface per hour, as well as the 
density and purity of the salt solution and the temperature of operation. 

Ferroxyl Test. The feri'oxyl test for porosity of coatings on steel 
depends upon the ai)])iication of a reagent containing a corroding 
agent, usually sodium chloride and potassium ferricyaiiide. The 
latter yields sj)ots of Prussian blue wherever the steel is attacked 
tlirough pores. The reagent may be a]ipliod as a viscous solution, a 
spiay, or a moistened paper previously saturated with the solution. 
Ihiblished results show that the reagent is likely to attack the nickel 
coating and pjoduee ])ores where none })revioiisly existed. To reduce 
this attack, it. has Ix^en proposed to reduce greatly the concentration 
of eithej- the ferricyanide or the sodium chloride. In one modification 
the jiapei* contains only sodium chloride and is later ‘‘developed” by 
imim'rsion in a fe]rit‘ya.nide solution. 

In the light of tlu‘ work of Thon referred to above, it is doubtful if 
this or any other poi'osity ti\st thus far described is sufficiently reliable 
to include in formal siiecifications. 

Hot Wafer Test, 'fhe hot AAmter method has also been used to 
detect porc's in nickel coatings. In a comparison by Strausser of 
various methods of dc'tecting pores, good agreement was not obtained. 
In general, fewer pores wei'e detect, cul liy tlie hot water than by other 
methods. 


MiCASURKMKNT 'K the Ph YSK’AL pROTRllTIES OF EEKCTliODErOSlTS 

One of the most significant features of eleedrodeposition is that, by 
changing the conditions of deposition for a given metal, wide changes 
ill its structure and iiroiierties may be jiroduced. A knowledge of the 
direction and magnitude of such changes is desirable, not only to 
achieve any desired results, but also to avoid production of deposits 
witb variable or undesirable properties. Because the physical proper- 
ties of a metal depend largely upon its structure, it might appear cx- 
jiedient to consider first the factors that determine the structure. On 
the other hand, most applications of plated coatings depend n^jon 
their physical (or chemical) properties, and the structure is of interest 
only in its effect u])on these properties. Methods of measuring the 
ph3^sical properties of metals, particularly their tensile strength, 
elongation, hardn(‘ss, and brightness, arc therefore important to the 
plating industry. 

Recent studies on the physical properties of chromium ® show the 
wide range of properties obtainable, and the close relation of these 
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properties to the conditions of deposition and to the content of oxygen 
(i.e., of basic material) in the deposits. 

Similar studies on nickel are in progress under Research Project 9 
of the American Electroplaters' Society. The bibliography and sur- 
vey and a progress report show a wdde range of properties of eloc- 
trodeposited nickel. It is hoped that the correlation of these proper- 
ties with the conditions of deposition and Llie structure and composi- 
tion of the deposits will yield interesting conclusions. 

Since discussion of the specific properties, e.g., of chromium and 
nickel, is more appropriate under the chapters on each metal, the, dis- 
cussion here will deal with general considerations. > 

1l']N.SILE PROPERTIES \ 

In order to nieasiu'e the elastic limit, tensile strength, and elonga- 
tion of an electrodeposit, it must be in the form of tliin sheets or strips, 
detached from the metal on which they were de])osited (e.g., chro- 
mium alloys) . Sometimes the tensile specimens are merely rectangular 
strips, but specimens with reduced sections yield more reproducible 
results. The tests are readily made in any tensile machine with the 
approi)riate range of loads. In general, for a gi^Tn metal, the tensile 
strength increases as the crystal size is decreased. Because the initii|il 
layers of a d('])osit are usually more fine-grained than the subsequently 
deposited crystals (especially from simple salt baths), the measured 
i, ensile strength (per unit cross section) of a very thin deposit is usu- 
ally grcatoi' than that of a thicker dej>osit. In s])ecific cases the na- 
ture of the separating medium may influem^c the structure and pro])- 
ej ties of the deposit. 

If a metal is very brittle, and especially if, like chromium, it may 
contain cracks, it is difficult to measure its tensile strength or elonga- 
tion. With most electrodeposited metals, however, significant measure- 
ments may be made. Tlicse show that, with a relatively soft metal 
like copper, deposits having tensile strengths from 12,000 to 50,000 
Ib/sq in. and elongations from 5 to 35% may be obtained. With 
harder metals like iron and nickel the corresponding ranges are about 
30,000 to 200,000 Ib/sq in. and 2 to 30% elongation. 

HARDNESS 

Reliable and significant hardness- measurements are difficult to make 
on electrodeposits because: (a) the concepts of hardness are neither 
simple nor definite; (6) the various methods employed may measure 
different properties; and (c) the results by any method are likely to 
be influenced by the hardness of the underlying metal unless the de- 
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posits are relatively thick. In the last case tlie proi)erties are not 
necessarily the same as those of the thinner layers used in actual plat- 
ing. Finally, there is no simple or direct relation between the meas- 
ured hardness and the resistance to wear under si^ecified service con- 
ditions. Hardness measurements are, therefore, seldom used for con- 
trol of production, though they are valuable for research. 

The most extensive mcasTirements of the hai’diiess of clectrode- 
j)osits were made by Macnaughtan and associates,*’^ who measured 
the Brinell hardness of numerous metals, and also tlieir resistance to 
abrasion by emery paper. They obtained only a rough correlation 
between these two properties. 

Tlie Vickers method, in which a diamond point is used to indent tlie 
s]iecim(‘n, has been freciuently emi)loycd to measure the hardness of 
rlectrode])osits. Recently an apparatus designed to measure the 
“microhardness” of brittle materials was used to study chromium coat- 
ings on steel. The Knoop indentor is a diamond of pyramidal shape 
sucli that the indentation has a leiigtli (measured with a microscope) 
that is about 7 times its width and 30 times its depth. With this 
device the measured hardness (about 900) of the chromium coatings 
that were at least 0.001 in. thick was indei)endent of the hardness of the 
basis metal. For this method the coating thickness should be at least 
14 times the depth of the impression. For the regular Brinell tests of 
coatings, a thickness at least 7 times the depth of impression is usu- 
ally specified. When the coatings are fairly thick, the indentations 
are jireferably made in a cross section of the deposit. 

Because the scratch hardne^ss method yields scratches that are at 
least similar to those produced by abrasion, it is often suggested as a 
ineasun' of wear resistance. However, because the results are not 
I'eproducible, esjiecially with very hard coatings (which yield fine 
scratches), the method is not very satisfactory for plated coatings. 

REFnr^CTING POWER AND BRIGHTNESS 

The present great interest in bright deposits, especially of nickel, 
emphasizes the need of reliable measurements of brightness. A sharj) 
distinction must be made between; (a) the total reflectivity of a metal 
surface, which is determined principally by the composition of the 
metal, and (b) its brightness, which is determined largely by the 
smoothness of the surface. 

Reflectiviiy , The reflectivity of a metal depends upon the wave- 
length of the light. For the range of the visible spectrum, average 
reflectivities of 90 to 95% are obtained with silver and aluminum; with 
electrodeposited rhodium, about 72%; chromium, 66%; and nickel, 
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62%. The reflectivity of chromium is relatively high in the ultraviolet 
range. 

Brightness, For a given metal the brightness may be expressed as 
the relation between the specular and the diffuse reflectance. Egeberg 
and PromiseP^ used a method in which a value of 100% represents 
a “perfect” reflector. They measured the specular reflection from a 
plane at 45 degrees, and the diffuse reflection at 5-degree intervals. 
They found that, for relatively bright surfaces, over 99% of the reflec- 
tion was specular, and that it was difficult to measure the small dif- 
ferences between different ,si)eciinens. 

S])ringer Inis expre.ssed the brightness of ])olislie(l and ])laLed meials 
in terms of tlu; pro])orlion of the light thai is diffusely rethjcted when 
the incident beam is at 45 deg7*ees. He found a eonsiderabh' difference 
hi results, which dejiended upon whether the ineidcait beam was i)arallel 
oj* iiei’pendicular to the polishing lines. 

Recently Ollard^^'’ described an aiiparatus in whi(‘h only the diffuse 
reflection is measured and is related to the total initial light intensity, 
which is controlled and calibrated. 

Studies are now in ju’ogress at the National Dureau of Standards 
in cooperation with a subcommittee of A.S/T.M. ('ommittee ILS, in 
which an effort is being made to design and utilize (‘ciuijiment that will 
readily measuie both the total reflected light^ and tliat refleefloed dif- 
fusely. If such methods prove satisfactory, the results for the dif- 
ference (i.o., for specular reflection) should lie indi'piaident of the 
composhiion and reflectivity of the metal surface. It will be neces- 
sary to determine whether these results are consistent with those 
observed by the human eye, which must be the ullimate criterion of 
appearance. 


THE STRUCTURE OF EI^FICTRODEPOSITS 
Nature of Deposits 


(TI\STALLIN1TY 

All available evidence indicates that electrodeposits are crystalline. 
The state of crystallinity is somewhat different, howiiver, from that 
of cast or worked metals. Electrodeposited metals are characterized, 
in general, by higher hardness, lower ductility, greater anisotroi)y, and 
finer grain size, and may recrystallize with moi’e difficulty tlian worked 
metals. 

The surface appearance of electrodeposited metals may indicate the 
grain size of an electrodeposit, but usually only when the metals have 
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been deposited from simple or non-complex ion solutions. Metals 
deposited from cyanide solutions can a])pear very rough or coarse to 
the eye, buL this roughness does not mean that the crystals are large. 
Actually, the crystals may bo so small that tlie}^ cannot be resolved 
under the microscope, even at high magnifications. The roughness in 
such cases is due to nodular growth, whereby the subn\icroscopic crys- 
tals grow radially from imimrities to produce an overall macroscopic 
appearance of roughness. It- is important, therefore, that discussion of 
crystal size 1)0 limited to results obtained from actual crystal size 
measurements as from microscopical cross-sectional examinations or 
x-ray investigations. There is much carelessness in the literaiure in 
(lesc.riptions of crysi-al size in statements about the fineness or coarse- 
ness of the ‘hn'ysta .1 structure” made after mere visual examination of 
tlie deposits. 

Because tlie cjystal size is influenced greatly by the substratum 
and also because electrodeposits are strongly anisotropic, statements 
regarding crystal size or shape should also mention the distance from 
the substratum and wlndher the observations wTre made parallel or 
pcrpcmdicular to th(i stibstratum. 

Many factors influence the crystal structure^ of electrodeposits. 
Some of tJiem arc: solution comi)osition (a veiy important factor), 
current density, degree of agitation, temperature, the presence of for- 
eign agents, the geometry of the substratum, and the crystal size and 
structuie of tlu‘ substratum. The physical condition of an electro- 
dei)osited metal can l)e changed or controlled by varying the factors 
just mentioned. Tor example, copi)er can lx; deposited with a coarse, 
columnar, diudilo crystal structure, from acid solutions, whereas when 
]t is de])osited from cyanide solutions the crystals will be submicro- 
sco])ic and the co])per will be harder, less du(‘tile, and tougher. 

Increasing the current density usually causes a reduction in grain 
size, an increase in hardness, and a low(;ring of the ductility. An 
(exception to this principle may occur if th(u*e are ])i'esent met-allic 
impurities that may deposit out in greater concentration at low cur- 
rcait density than at high current density, and thus cause a large in- 
(‘rease in hardness or decrease in ductility. Agitation and an increase* 
in solution temperature usually cause an increase in crystal size and 
ductility. 

The small scale geometry of the basis metal can influence the direc- 
tion of crystal growth, which is perpendicular to the fine scale struc- 
ture of the surface. The crystal size of the substratum has a marked 
effect upon the crystal size of electrodeposits, particularly of those 
deposited from simple solutions such as nickel, copper, and iron. The 
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effects are more pronounced at low current densities (1.0 to 18 
amp/sq ft) (see Fig. 1). 

Impurities in the plating solution, both organic and inorganic, can 
affect the structure of the clcctrodeposited metal to a degree even 
gi’cater than most of the factors just discussed. The presence, for 



I’lg. 1. PholomicrogTiipli illustiutmg reproduction of the basis metal stru(!ture 
by an electrodeposit. The dark line on the bottom is the boundary between the 
base copper and the electrodeposited copper. Note that there is perfect exten- 
sion of tlie crystal size of the basis metal by the eloctrodeposit. The dark line 
at the junction of the diaiosit and basis rnetal is not a void but is merely a dif- 
f(Mence in level due to differences in hardness between the basis mel-al and the 
electrodeposit. Magnification 250X- 

cxamplo, of as little as 0.001 g/1 of lead or silver in a cyanide copper 
solution can noticeably affect the structure of the deposit. These 
effects are dilfei-ent for various current densities, because of the vary- 
ing ratio of co})J)(t to silver or lead plated out at different current 
densities. A study of the structure of deposits should be made with 
as pure solutions as it is possible to attain, and the operating con- 
ditions should be definitely maintained and recorded. 

Electrodeposits may be; one-phase metal deposits, metallic com- 
pounds, solid solutions, or they may have two or more separate phases. 
By variation of solution composition or conditions of deposition, single 
metals can be deposited in more than one phase if they are capable of 
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forming more than one phase. Electrodci)osiied cobalt was reported 
to have shown a mixture of two allotropic forms: the face-centered 
cubic and the liexagonal close-packed. The latter form is the usual one 
for cobalt. Wright, Hirst, and Riley and others have shown that 
chromium can be deposited in both the body-centered cubic and the 
hexagonal close-packed forms. Body-centered cubic chromium is 
formed in the essential absence of trivalent chromium, whereas the 
amount of hexagonal form deposited depends upon the presence of tri- 
valent chromium. The hexagonal form is changed to the body-cen- 
tered form by heating at elevated temperatures. 

Recently Snavely and associates have concluded tliat the reported 
hexagonal form of chromium consists of a chromium hydride. Brass 
deposits in the a-range have been shown to be solid solutions, and 
Kersten and Maas found the x-ray structure of electroplated /?-brass 
similar to that of the cast metal, except that the former showed less 
sliarp lines. Stillwell and Feinberg have sliown that silver-cadmium 
alloys may be deposited as solid solutions or alloys, and that the 
stable phase, as determined by the equilibrium diagram, is the pre- 
dominant phase in the electrodeposit. A metastable beta-phase has 
been shown to form at higli current densities and temperature. Palat- 
nik reported that electrodeposited copper-nickel alloys are solid 
solutions, as would be expected from the ccpiilibrium diagram for 
these metals. 

Metals which do not have atomic diameters favorable for solid 
solution formation can be codeposited, but as two separate phases 
which usually appear as banded or layered deposits. Copper and lead 
make a typical example, and codei)osits of these metals have been 
shown by Meyer and Phillips to be two alternately deposited phases 
of lead and copper. This subject will be discussed later. 

Many electrodeposits arc predominantly columnar in structure, 
owing to the anisotropic rate of crystal growth in which the vertical 
growth exceeds the horizontal or lateral growth. Somcitimes the ver- 
tical growth is so rapid that marked acioular or needle-like deposits 
form as almost isolated crystals, and a weak, valueless coating results 
because of lack of lateral cohesion. Because of poor diffusion between 
these acicular structures, basic salts may form and deposit between 
the firmer metallic crystals. Glazunov has shown that this occurs 
in the deposition of silver from silver nitrate solutions. The columnar 
structures may be modified to conical or inverted conical structures, 
and, as will be shown later, the geometry of the substratum noticeably 
affects the structure of deposits. 
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Eig. 2. Photomicrograph of a cross section of a copper deposit made from a 
standard copper sulfate-sulfuric acid plating solution. The crystals are very large 
and are columnar in nature. The deposit was very soft. Magnification lOOX- 
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Metals dei)()sitcd from simple solutions usually are columnar in 
structure (see Fig. 2) ; tlicse include copper, iron, nickel, and zinc. 
Other microscopic forms are the nodular and the horizontally banded. 
When horizontal banding occurs, the crystals may or may not be mi- 
croscopically resolvable. L^anded deposits are particularly character- 
istic of briglit nickel d(‘])osits. Otlier tyi)es of structures of electrode- 
posits may be classed as disorganized and structureless. Chromium, 
and the metals deposited from cyanide solutions such as copper, 
cadmium, and silver, usually show no eharacterisLic structure under 
the microsco])e; that is, the crystals ai'jpear to be imresolvable, al- 
though markings may })e discerned which are frequently confused 
with true crystals. 

ORAIN SIZE 

Elect rodeposited metals may i)ossess grain sizes ranging from crys- 
tals large enough to be seen with the unaided eye* to minute crystal- 
lii-es of the ordc'r of 50 A in cross section. Witli certain (jxceptions, 
notably chromium, metals deposited from acid or simple solutions 
in the absence of foreign substances or addition agents have structures 
in which the ciystals earn be readily resolved under the microscope. 
Metals which deposit with relatively coarse stnieturcs from simple 
solutions are zinc, copper, lead, tin, cobalt, nickel, silver, and cadmium. 
All these metals, with the possible exception of lead, can be deposited 
from complex solutiojis, or from solutions containing addition agents, 
in crystalline forms so line tliat they are unrcsolvable microscopically. 

There is considerable doubt regarding the sljiicture of chromium de- 
])osits. Cyml)olist(‘, iniblished ])hotomicrogTaiihs of chromium de- 
posits with structures reseml)ling crystals, and which he believed were 
true crystals visible at 300 to 400 magnification. Meyer doubted 
that these structures were really crystals, and he believed that these 
apj)arciitl 3 ^ individual crystals were composed of groups of finer crys- 
tals. Wood,”^^ using x-iiiys, reported chromium deposits with grain 
sizes whose diameters were of the order of S to 14x lO""^ cm. This 
would make the crystal diameters aiiproximately 80 to 140 A, a size 
which is well beyond the resolving powder of the microscope. Meyer 
has noticed similar structures in cadmium and copper coatings de- 
posited from cyanide solutions and, in spite of repeated attempts with 
many types of etching, he has been unable to resolve clear grain 
boundaries or grains. Of course, as shown later, there is considerable 
doubt about tlie validity of grain size determinations of electrode- 
posited metals by x-ray data. 
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TREP^ERRED ORIEN TAT \ O N 

Depo.sition (;f cryfiLils with preferred orientation occurs frequently. 
Tiie orientation is dependent upon such factors as the physical condi- 
tion and composition of the substratum, current density, and presence 
of colloids. Wood showed that nickel could be deposited upon copper 
uj) to a certain limit of current density, with orientations in the de- 
l)osit, and that fiber-type deposits could occur or disappear as the 
current density varied. Finch and Williams showed that the effects 
of the substratum may persist until the deposit is 30,000 A thick. 

Hu})io dejiosited zinc from a cyanide soluiion containing small 
amoLiiils of nickel and licorice and found the (1120) axis oriented in 
the direction of the current flow (normal to the eathod(')- Palatnik 
showed that zinc and cadmium deposited in the presence of colloids 
have oriented structures, the degree of orientation depending upon the 
concentration of the colloid. They also found that the brightness of 
(he deiiosits depends upon the degree of orientation. Other workers 
have found preferred orientations in lead, nickel, and chromium dc-, 
posits. One might expect that ])referrcd orientation would tend to 
occur generally in elect I'odeposits, because of the highly anisotropic 
nature of the i)iH)cess, the direction of current flow and the diffusion 
T’cstrictions. • 

In many cases bright plat(;d deposits have been shown to iiossess 
])referred orientation, but all bright deposits do not necessarily have 
a “fibered” structure. A study by Read and co-workers shoAved 
that for many j)lates a high degree of fibering is i)ossibl(‘ Avith dull as 
well as with bright, (h'liosits, and they could find no overall relation- 
ship lietween iireferred orientation and brightness of tlie nickel de- 
posits studied. 

STRESS 

That many electrodeposits are formed in a condition of stress has 
been knoAvn for many years. The tendency for an electrodeposit to 
curl or peel away from the basis metal, to crack, or to cause a thin 
basis metal to buckle, and the juTsence of twinning in thie crystal struc- 
ture are evidences of stress. X-ray patterns of electrodeposited metals 
often show broad and diffuse lines, and it is difficult to determine 
whether the breadth of these lines is due to the existence of extremely 
small crystals or to imperfection or distortion of larger crystals. In 
cold-rolling a metal, the lines generally increase in breadth up to a 
maximum which is characteristic of the metal. If the lines do not 
broaden, the crystals are already fully distorted. On cold-rolling elec- 
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trodeposited nickel,^' a marked increase was found in the breadth 
of the lines in certain deposits which indicated relatively little distor- 
tion in the oi'iginal crystal. In other nickel deposits no increase in 
breadth was observed. 

Cracking in electrode])osits is ])articularly noticeable when the 
stress is higher than the tensile strength of the deiiosit and the deposit 
is applied on a basis metal with ])hysical strength less than tliat of 
the electrodeposit (e.g., chromium on brass, or nickel on lead). In 
the principal method of measuring stress in electrodeposition the ex- 
tent of bending of a cathode of thin sheet metal, electroplated on one 
side only and fixed at one end, is noted. The extent of bending is a 
measure of the stress in the deposit. 

Brenner and Sendcroff described a spiral contractometer for meas- 
uring the stress of electrodeposited metals and discussed critically tlie 
computation of stress from such measurements. Tliey also reported 
stress values for nickel dejiosits, chiefly from the Watts type of batli. 

The stress may be either expansive or contractive, or tlicrc may be 
no stress at all. Nickel is dejiositcd under gieat stress in the range 
of 5000 to 50,000 Ib/sq in. from most types of solutions. In most cases 
the stress is contractive, and the magnitude is governed by many 
variables, such as temperature, pll, composition of the solution, and 
presence of impurities. 

Philli]is and Clifton found, for example, in their study of the 
Watts type of solution that increasing the nickel chloride concentra- 
tion raised tlie stj’ess, increasing pH from 2.5 to 5.3 increased the 
stress, and decreasing temperature rcisulted in an increase in stress 
except at a 2^11 of 4. They found no significant effect of current 
density between 20 and 50 amji/sci ft. They also found that coppei* 
deposits from cyanide solutions were more highly stressed than those 
from acid solutions. Graham and Lloyd found wide variations in 
stress of deposits from various copper solutions— variations from con- 
tractive stresses of 15,000 Ib/sq in. to expansive stresses of the order 
of 5000 Ib/sq in. 

The mass of accumulated information on stress indicates that corre- 
lation of the stress in electrodeposits with any one factor is almost 
impossible. Actual measurements should be made for any particular 
solution concerned. There is no direct correlation between hardness 
and stress. 

HARDNESS 

Electrodeposited metals usually possess hardness values consider- 
ably greater than those of fully annealed metals and frequently greater 



34 MODERN ELECTROPJ.ATING 

thiin tlio«e obtainable lor the same metals by work-hardening. Metals 
whieh may be electrodeposited so as to be considerably harder than 
their work-hardened state arc chromium, nickel, platinum, rhodium, 
and palladium. The hardness depends upon such factors as current 
density, temperature of the plating solution, presence of addition 
agents or foreign metals, nature of solution (whether simple or com- 
plex), and various anions and cations present. Thus, for example, po- 
tassium tends to harden, and cliloride (add(‘d to sulfate baths) tends 
to soften, nickel dei)osits. Such cations as Na“'-, K + , Al+3, Zn* "‘", 
Ni * , Te I ('o ' , (hr* ' , and Cr ' ^ have been reported to in- 

crease tli(‘ liai-dness of cJironiium deposits. Some hardness ranges ro- 
j)orU‘d by Macminglitan and HolJiersall are given in Table E 

Tabuo 1. JIaudness of Me'cae Plates 

Princll Hardness 



Type of 

Brinell 

Fully 

Work- 

Metal 

Solution 

Number 

annealed 

hardened 

('liroiniuin 

Chromic acid 

400 950 

70 


Platinum 


000-042 

47 

97 

Rhodium 


594-041 

101 


Palladium 


PJO-190 

385-435 

49 

109. 

Nickel 

Suhato 

Sulfate with or- 

125-420 

70 

300 


ganic colloids 

uj) to 550 



Iron 

Sulfatc-chloride 

140 350 

09 

148 

Coppc,i‘ 

Acid sulfate 

Acid sulfate witli 

40-()2 

40 

102 


colloids 

UJ) to 130 




Cyanide 

130 100 



Silver 

Cyanide 

00-79 

25 

08 

Cadmium 

Cyiuiide 

12-22 

20 

34 

Zinc 

Sulfate 

40-50 

33-40 

52 

Tin 

Stannate 

8-9 

4-5 



lb has been re])ortcd that hydrogen has no effect on the hardness 
of electrodeposited chromium. Hydrogen appears to have little effect 
on the hardness of other deposited metals, although it may seriously 
affect the ductility of the metals. The extreme hardness of electro- 
deposited metals may be due to the combination of several factors, 
some of which are small grain size, preferred orientation, presence of 
stress in the crystals, and the possibility of dispersed foreign sub- 
stances distributed throughout the lattice (similar to the mechanism 
of the dispersed solute in the age-hardening of alloys) . 
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Kasper found that the content of oxygen (and hence probably 
of basic material) was higher in hard than in soft deposits of iron. 
Brenner and associates obtained similar results with nickel de- 
posits and chromium deposits.® The efl'cct of potassium and 
chloride on nickel deposits may be explained on the basis of their re- 
spective stabilizing and deflocculating of basic salts that may be in- 
cluded in the lattice. 

Because of the anisotropic* nature of electrodeposits, their physical 
properties, including hardness, vary witli the direction in which they 
lire measured. Cuthbertson found, for example, the hardness of 
ac'.id copper dei)osits to be bl Brinell when taken parallel to the cathode 
and 46 Brinell when taken perpendicidar to the (;athode. Brenner and 
Jennings showed that the hardness of nickel deposits may vary with 
thickness, being harder adjacent to the basis metal and becoming 
soften- with increasing thickness of plate. 

UECKYSTAI.LIZATION 

Studies of the rec'.rystallization of elect rodej^osits havci enabled better 
understanding of their nature. Nickel deposits have shown the pres- 
ence of basic matter by annealing at 1000”C in vacuo for 4 hr. The 
jcesults of annealing dcpencl ui)C)n the condition of the electrodeposit. 
Soft nickel deposits recrystallize, giving large equiaxial grains with 
clean grain boundaries. With harder dei)C)sits that have well-oriented 
inicrostructurcis, grain giowth takes place chietly in a directiem at right 
angles to the plane of the deposit, lateral gi'ain grcjwth being slight, 
owing to the segregation of basic mattvr v\diich inhibits diffusion along 
(he grain boundaries. Hard deposits of nickel (Jiat have fine-sized 
but not well-orient (id grains form small ecpiiaxial grains on annealing 
and show globular material in (he grain boundaj’ies. 

Coarse tin deposits have been found to recrystallizo at 200°C into 
small equiaxial grains. Deposits of copper from acid sulfate solution 
were found to recrystallize at 900°C into large grains with no evi- 
dcuice of non-mcdallic material. Cc)]q)Cir deposits from cyanide solu- 
tions, however, rccrystallized into small cquiaxed grains with a quan- 
tity of non-nietallic matter visible in the grain boundaries. 

Storey studied the reciystallization of iron deposits and observed 
large amounts of hydrogen given off at 500*^ to 600*^0, but did not ob- 
serve a change in ciystal structure until an annealing temperature 
of 900°C was reached. He found that fine deposits recrystallized more 
readily than coarse deposits and that the grain structures produced 
from fine deposits were finer than from coarse deposits. 
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Factors Affecting Deposits 


PHYSICAL FACTORS 

Effect oj Substratum. The substratum or basis metal upon which 
another metal is deposited influences the character of the deposit geo- 
metrically as well as crystallographically. The effects of both small 
scale size (0.001 to 0.005 in.) and the large scale geometry of the 
substratum liave becTi beautifully shown by Portevin and Cymboliste/'^ 
by Meyer and ])y others. Projections, holes, cracks, and loose par- 
ticles may act as ccmlej's of orientation of crystal growth. Where the 
de])osits grow in columnar manner, tlie crystals will orient themselves 
normal to the small scale structure rather than normal tf) the general 
jilane of the cathode. Tlie intersection of systems of crystal growtli 
may l)c discontinuous and, therefore, be a source of porosity in the 
deposit. Phillips,'^'* Pimiei*,’^^ and Baker have all published data 
indicating that the type of ])olishing of the basis metal affects the 
c(nTOsit)n resistance of nielal deposited. However, with deposits of 
cop]ier, nickel, and chromium on cold-rolled steel, Lux and Blum 
found no apjireciable effect of the polishing of the steel on the protec- 
tive value in accelerated and exposure tests. 

Meyer has shown photomicrographs indicating that ordinary con- 
cejits of throwing power arc not valid for minute scratches (0.005 in. 
or less) which have considerable depth in comparison with width. 
Kasper has discussed theoretical reasons for the occurrence of this 
phenomenon. Scratches have also been shown to create nodules in 
deposits from acid copiier solutions, probably as a result of localized 
higlicr current densities at the projecting edges of the scratch. 

Material projecting above the plane of the cathode as a result of 
preferential solution of part of the components of the cathode may 
affect the structure of the deposit. The effects of small scale geometry 
of the substratum are due to variations in at least three factors: (a) 
local current density, (6) diffusion, and (c) the crystallographic ef- 
fects of the substratum. 

Non-uniformity of the substratum may also markedly affect an- 
other factor met with in electrodeposition, namely, pitting. The work 
of Macnaughtan and Hothersall showed that there is much less 
pitting in electrodeposits, particularly nickel, when the metal is de- 
posited upon a rnetallurgically uniform surface, such as electrode- 
posited copper, rather than upon a heterogeneous surface such as 
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►steel. However, pitting can result from factors inherent in the solu- 
tion even when copper is the substratum. (See Fig. 3.) 

Many workers have shown that the structure of the basis metal or 
substratum has an influence on the crystal size of the metal electrode- 
posited thereupon. Huntington was one of the first to call attention 
to the fact that electrodeposited copper could be influenced by the 



Fis 3. Surface vu'W of a fypieal pit in nickel plating Note the concentric dark 
rings illustrating wliere hydrogen bubbles repeatedly formed and broke during 
deposition. Magnification 500X- 

structure of the copper upon which it was deposited. In ]91(^ Hoga- 
booni mentioned difficulties from coarse silver doi)osits traceable to 
the influence of the ])asis metal, and in 1921 he pointed out that 
one of Blum’s j)hotomicrographs of alternately deposited metals 
sliowed reproduction of the rolled cojiper base in the electrodeposit. 
J.ater, Blum and Rawdon published photomicrographs which clearly 
sliowed the extension of the crystal structure of the cast copper base 
by electrodeposited copper. Graham repeated these observations 
for copper deposited upon copper, and he also was successful in ob- 
taining similar results for copper dejiosits ui)on brass, but was un- 
certain of his results for nickel upon nickel. Hothcrsall published a 
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photomicrograph of nickel deposited upon nickel in which the deposit 
reproduced the stnicture of the basis nickel. The most brilliant work 
in this field has been done by Hothersall/^’^ who showed reproduction 
of nickel deposits upon nickel, tin upon tin, and tin upon antimonial 
lead. He was able to show reproduction of the crystal size of the 
basis metal by the deposit for metals in the same system with lattice 
parameters varying from 2.4 to Vl.h^/o \ and also reproduction between 
basis metal and deposits when they belonged to different crystallo- 
graphic systems, e.g., tetragonal tin upon face-centered cubic copper, 
and copper ui)on jS-brass, which has a body-centered cubic structure. 
Other workers have shown the reproduction of the structures of zinc 
upon zinc, cadmium upon cadmium, and lead upon lead. Tammann 
and Straumanis rc])ortcd extension of the crystal size' of nickel by 
copper if the current density did not exceed 2 amp/sq ft. 

In all the work that has been done, however, there does not appear 
to be a satisfactory answer to this question: Is the reproduction 
actually a pseudomor])hic rci)roduction of the basis metal structure 
by the deposit, or is it merely reproduction of crystal size and of orien- 
tation? Finch and AVilliams,’^^ using electron diffraction for determin- 
ing the structure of nickel d(‘])osited upon copper, studied this problem 
and found that no ] pseudomorphism was indicated. They (wen cast 
doubt on the validity of microscopic observation as a means 'of d(‘- 
tecting rejiroduction of the structure of the basis metal. 

These workers and others report, as we would expect, that the ex- 
tent of reproduction is de])endent upon the crystal size of the sub- 
, stratum, lai’ge crystals having greater effects than small crystals. In 
addition, the type of solution, current density, and factors which in- 
fluence lJi(‘ I'atio of formation of crysi.al nuclei to crystal growth all 
infiuence reproduction. The type of crystal! ograiihic plane lying in 
the ])lane of the sujface of the cathode may also affect the degree of 
crystal reproduction. 

Many woihers have sliown that polished surfaces may cause oricai- 
tation of thin layers of metals depositc'd upon them. It is common 
knowledge that thin deposits of nickel ])lated on a Iniffed surface will 
be bright, even from a Watts-type solution that, ordinarily gives dull 
deposits. The first layers of metal, even up to a hundred-thousandth 
of an inch in thickness, take on the orientation of the basis metal. 
Meyer luis published a photomicrograph illustrating this for copper 
deposited from an acid solution upon buffed nideel plate. A fine- 
grained sti’ucture was shown to persist unfil the deposit was 0.0005 
in. (0.0125 mm) thick. Naturally, the extent of this reproduction of 
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the fine structure of the basis metal will depend upon factors such as 
current density, type of solution, and rate of agitation. 

Evidence that metals may deposit to form exact continuation of 
the basis metal lattice is given by the perfect reproduction of twinning 
in a copper substratum which was reproduced by a copper deposit from 
an acid copper solution. Twinning involves a shift of layers of atoms 
a distance only a fraction of the lattice parameter, and it is interest- 
ing that this twinning arrangement of the atoms of the basis metal 
can be exactly reiiroduced by an electrodeposit. 

In a recent paper Finch, Wilman, and Yang^"'' i-ei)t)rted a study by 
electron diffraction of the fonnation and growth of electrodeposited 
crystals. They concluded that the growth involves three stages: (1) 
an initial stage tlnit is most affected by the substratum, (2) a ti*ansi- 
tion stage, and (3) a final stage in which the stiiif’.ture is characteristic 
of the conditions of deposition. 

AgiUition and Teniperatnrc. In gencM’al, any condition tending to 
increase the supy)ly of ions available for discharge at the cathode 
favors an incri'ase in crystal size. Thus, for constant current density, 
agitation favors the formation of larger cryst.als. Likciwise an inci'ease 
in tcmiierature favors the formation of larger crystals. 

EI.nCTUOC'HEMICAL EACTOIIS 

Type of Solution. Metals deposited from complex ion solutions are 
usually so fine-grained that the stiaicturc is unresolvable under the 
microscope. Salts nr other subsf.ances that may lower ionization, e.g., 
by common ion effect, cause finer deposits to be formed. The most 
common ty])e of comiilex ion solution is the (cyanide solution; pyro- 
phosphate, amine, and ammonia complex solutions are also being 
used. 

Current Density. Higher current densities usually favor smaller 
crystal size. Frequent reports that the grain size is larger with an 
increase in current density may have been based upon visual observa- 
tion. As has been mentioned earlier, deposits may look coarse owing 
to nodular growihs, but these dei)osits may really be composed of very 
fine crystals. 

J3 RIGHT Deposits 

The expression bright dei)Osit refers to those which have high specu- 
lar and low diffuse reflection, and does not refer to the amount of total 
light reflected or to the wavelength concentrations of light reflected. 
They are essentially plane surface deposits. 
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A common conception is that deposits, to be bright, must have a very 
small crystal size, less than the wavelength of light. However, it is 
understandable that a surface composed of coai’se crystals can be 
smooth and bright. Jacquet"^^® and others have produced, on coarse- 
grained metals by anodic “polishing’' or smoothing, surfaces which 
had reflectivities greater than those obtainable on mechanically 
polished surfaces. It is conceivable that deposits can be bright, even 
with a relatively coarse grain, if the crystals are so oriented that their 
faces are essentially parallel. 

Oriented structure appears to be a characieristic feature of many 
bright deposits. Palatnik found from x-i-ay studies that the bright- 
ness of zinc and cadmium deposits increased with the degree of orien- 
tation of the crystallites. KosolaiM)v and Mett also found that the 
luster of zinc deposits increased with an increase in anisotropy. 
Wood found both dull and bright chromium dei)osits to have crystal 
sizes of the same order of magnitude but found a decided jncfciTed 
orientation in the bright deposits and not in the dull dei)osits. He also 
found that the brightness of nickel deposits increased with an increase 
in preferred orientation. In a j)ai)er on the structure of zinc electro- 
deposits, Fischer and Barmann state: “Debye pictures showed that, 
for zinc deposits from alkaline solutions, a more or less pronounced 
fiber texture results; with deposits from acid solutions, an irregular 
structui’e was obtained. For the textured deposits, the (111) plane 
lies in the plane of the cathode surface. Bright zinc deposits are 
particularly fine grained, but they are not, as was forjuerly believed, 
smaller than the wavelengths of light. The high brightness of bright 
zinc dc])osits, therefore, must be attributed to their i)]’onounced tex- 
ture.” As already mentioned, the existence of flbering or iireferred 
orientation in an elect rodeiiosit does not always imply that the (loating 
will be bright. 

It is believed that copper deposits from cyanide solutions are suffi- 
ciently fine-grained to be bright, and that their lack of brightness is 
due to improjier orientation. Although the copper deposits cannot be 
resolved microscopically, the visible structure indicate that the crys- 
tals grow in a manner nodular or at least decidedly random. It was 
believed that this type of growth is caused by codeposition of basic 
material, because the cathode efficiencies are considerably below 
IOO 70 - Macnaughtan and HothersalD"' found, by annealing copper 
deposits from cyanide solutions in vacuo, that non-metallic matter was 
present in the deposits. If this conclusion is true, copper deposits 
plated from cyanide solutions at 100% cathode efficiency should be 
bright or nearly bright. This has been found in a commercial copper 
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solution recently developed. Deposits from a complex amine coppej’ 
solution also are bright, and these deposits are formed with 100% 
cathode efficiency. 

The foregoing discussion does not imply that preferred orientation 
is the sole ciitei'ion for brightness; this is definitely not true. Pre- 
ferred orientation appears i-o be an im]X)rtant faeior for brightness of 



Ji'ig 4 . BiindcHl «triu‘tin’e of a brij^Jit nickel dcposiL These banded structures 
are characteristic of most bright plating solutions. Magnification 500X- 

deposits, but no data appear to be available which correlate crystal 
size and degree of orientation for various metal deposits. 

As mentioned on page 7, the role of addition agents in producing 
bright deposits is still not clear. Meyer is convinced that no one 
theory applicable to all cases will be found. It appears, for example, 
that so-called brightening agents may or may not be codeposited 
with the metal. Meyer and Phillips have expressed the opinion 
that, for metals acting as brighteners, the profound effects produced 
can only doubtfully be attributed to lattice interference effects of 
the metal itself. It has been suggested that these profound effects 
may in some cases be due to codeposition of these metals as basic 
salts or oxides. A study of the precipitation pH of metals, and espe- 
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nially of the higher alkalinity of the cathode film, lends credence to 
this hypothesis. 

Many bright deposits on the market exhibit horizontal striations or 
banding in microscopic cross section. This is particularly true for 
most bright nickel deposits (see Fig. 4) ; and the condition has been 
observed in coppc'r deposit s brightened by lead or cadmium. The band- 
ing may have sc'veral causes. Obviously, the deposits are not homo- 
geneous. The condition may be due to alternate deposition of differ- 



F]g. 5. Photomicrograph of a deposit from a cyanide copper solution containing 
O.l g/1 of lead. Note the banded structure representing alternate deposition of 
lead and co]j])er as well as the pronounced nodule formation. Magnification fiOOX- 


ent-sized crystals or to alternate deposition of two phases, either of 
allotropic modifications of the same metal (a rare condition) or of 
alloys, or to deposition of metal and another metal, oxWe, basic matter, 
or adsorbed organic matter. Apparently, under normal conditions of 
deposition, the first layers of atoms formed are always oriented by the 
substratum. Thus a mechanism of bright deposit formation could be 
the alternate deposition of metal and foreign substance with preferred 
orientation occuri ing in the metal deposit. 

In the codeposition of copper and lead, it is difficult to believe, be- 
cause of the decidedly unfavorable atomic size factors, that lead can 
make regular entry into the copper lattice. For this case alternate 
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deposition of lead and copper has been shown to take place with 
noticeable banding (see Fig. 5) and brightening of the deposit. 

Many brighteners, particularly organic brightejiers, contain polar 
substances, or they may be reduced to simi)lcr substances which can be 
absorbed in the clectrodeposit to cause a banded type of structure, 
whicli usually leads to brightness. Materials that are highly adsorbetl 
at metal interfaces, and surface-iictive materials, are extensively used 
as brighteners in nickel ])lating.^^"* Taft and Horsley found a cor- 
r(!la,tion between surfa(*-c activity of organic acids and their brighteii- 
ihg effects on silver deposits from silver iiitj'ate solutions. The ac- 
curate analytical work of Tafi, and co-workers^’'' and other studies 
indicate that brightening materials can lx* codeposited with the metal 
or can be adsorbed, as Jacquet’s studic's indicate. Hence, oiu' 
mechanism foi* bright j)lating in the ])resence of organic brighti'iiers 
may be alternate deposition of metal and d(‘])ositi()n or absorption ol' 
brighteiier, a reduction producL of the brighteiuu*, an oxide, a metal 
sulfide, or another metallic phase. It should be jiointed out that, many 
substances that appcair to be non-polar may, after being added to tiu' 
lilating solution, actually form ])olar substances by oxidation, reduc- 
tion, or hydrolysis 

Other mechanisms may result in bright dejiosit formation. Simjile 
columnar growth such as has been observecl for bi’ight/ zinc deposits 
iroin alkaline solution may result- in liright dei)osits. A certain small- 
ness of grain size will be ne(‘.essary for brightiu'ss, evim with columnar 
growth. 
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Methods of Control 

Hau‘11 a SciiAUKKii* Hknry .1. Seduskv* and Metty Luce* 


Evui-y (‘IccLroplalor is well aware of the fact tliat the successful 
(ij)eratioii of his plating processes depends upon both art and science. 
In ])ractic.c the (’Xi)erienced elcctroplater relies upon observations, em- 
pirical data, and scitmtific tests, in addition to specific formulation and 
the normally controlled plating variables such as temperature. 11' is 
becoming inci'casingly important with the advancements in bright, 
smooth, single-metal and alloy deiJositicn that the successful operation 
of any com])lex plating process include a number of rapid tests on both 
the electrolyte and the dejmsit. More rigid specifications lor electro- 
deposits increase the need for the electroplater to know more about the 
ball) and the de))()sit obtained on the cathode fi'om piece to piece, with 
the result that ra])id tests, theoretical or empirical, are im])ortant to 
maintain uniform (luality. Unfortunately, a number of the most valu- 
able tests ar(! entirely empirical in character and ai'e valueless unless 
(!ach operator develops a background of experience on his ])articular 
])rocesses and product. This eliapter describes brietly some of these 
tests and their significance in specification plating. The chaptci- is 
divided into two p.'irts: conti-ol of the electrolyte, and control of the 
deposit. 

CONTROL OF THE ELECTROLYTE 
Mica.si.)rement of pH 

The determination of the hydrogen ion concentration t)f a plating 
bath is usually very important in the control of its performance. 
Since small concentrations of hydrogen or hydroxyl ions involve nega- 
tive exponents which arc inconvenient to use, Soicnscn ^ in 1909 sug- 
gested a simple numerical scale, which he de, signaled pH, to reidace 

* Cleveland Griiphilc Bronze Co , Clevedand, Uliio. 
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the exponents with single-digit positive numbers by the following re- 
lationship: 

pTi = 

( 11 + 

whei'e Cj-i i is the mol al ^hydrogen ion eoiieentration. 

The pH scale ranges from 0 to 14 numerically. On this scale 7 is 
iK'uti'al, values below 7 indicate acidity, the degree of wind] increases 
with decrease in number, and values above 7 measure alkalinity, the 
(hjgree increasing with the numbers. It is im])ortant to note that 7 >H 
is a measure of the degree of acidity or alkalinity rather than of tlie 
amount of acid or alkali present. 

The development of the thermodynamic activity concept has led to a 
slightly dilierent definitioTi of pll, but the fundamental character of 
tlie pH unit is unchanged. The term activity, designated am-, may 
be defined as a corrected concentration so that the equilibrium con- 
stant is a true (umstant. Eor very dilute solutions, activities and con- 
centrations are essentially ecjual, Mdiereas for higher concentrations 
the activity of the ion becomes jirogi’essivcily smaller than the total 
concentration of the ion. The measurements of pH are most signifi- 
cant between 2 and 12; outside these limits pH values may bg very 
misleading. Since a very small volume of the common mineral acids 
or bases changes the pH of a given solution very rapidly, it becomes 
necessary for buffer solutions to be used as pH stiindards. They are 
solutions which resist pH changes and are almost invariably a mixture 
of a weak acid or a weak base and their salts. Buffers listed by Glass- 
tone - for the range pll 2.2 to 12.0 are given in Table 1. Most of 

Tahle 1. li OFFER Mixtures * 

pJl Range 


Phthalic acid and potassium acid phthalate 2.2 3.8 

Phcnylacctic acid and sodium pheiiylacetate 3. 2-4. 9 

Potassium acid phthalate and dipotassium phthalate 4 . 0-6 . 2 

Sodium dihydrogen phosphate and disodium hydrogen phosphate 5. 9-8.0 
Boric acid and borax 6 . 8-9 . 2 

Diethylbarbituric acid and sodium salt 7 . 0-9 . 2 

Borax and sodium hydroxide 9.2 41 .0 

Di sodium hydrogen phosphate and sodium hydroxide 11.0-12.0 


* From Reference 2. 

the common plating baths, esiiecially the alkaline baths, exhibit suffi- 
cient buffer action so that pH measurements in the recommended 
range are usually satisfactory. 
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The measurement of pH is subject to a number of additional errors ® 
such as salt, protein, temperature, improperly buffered solutions, and 
specific errors due to reaction between ingredients as the indicator in 
colorimetric methods or the quinhydrone in electrometric methods. 
Fortunately, tliese errors vary with different methods, and usually pll 
determination methods can be chosen so that the sources of error 
largely cancel out. It is recommended that several methods be em- 
I)loyed and checked against each other for each specific bath, if ac- 
curacy greater than d=0.1 pH is required, and that the most repro- 
ducible method be used foi* future determinations. 

Table 2 * gives the a\i+ and pH for some of tlie common acids and 
alkalies used in induslry. 

Taule 2. Activities and pH of Typical A(m)s and Rases 



Moles 



Solute 

l)er Liter 

“ji+ 

pH 

Hydrochloric acid 

1.0 

8.0 X l0-‘ 

O.l 


O.l 

8.5 X 10-2 

1.07 


0.01 

9.6 X 10-2 

2.02 


O.OOl 

9.7 X 10-'' 

3.01 

Sulfunc acid 

0.05 

5.9 X 10-2 

1.23 

Acetic acid 

1.0 

4.3 X 10-2 

2.37 


O.j 

1.3 X lO-" 

2.S7 


0.01 

4.3 X 10-* 

3.37 

Animoniiim hydroxide 

1.0 

1 .7 X 10 -’2 

11.77 


0.1 

5.4 X l0 -'2 

11.27 


0.01 

1.7 X 10 

10.77 

Sodium liydj’oxlde 

l.O 

8.9 X 10- 22 

14.05 


0.1 

8.5 X 10-’'' 

13.07 

From Rcfei eiice 4. 

O.Ol 

7.6 X 10-’" 

12.12 


The metliods for pH measurements fall into two classes, namely the 
olorimctric or indicator methods and the electrometric methods. 

COLORIMETRIC METHOD 

The colorimetric method is a simple and inexpensive method of de- 
termining pH with a medium degree of accuracy, and is based upon 
the fact that the colors of certain organic compounds correspond to a 
definite pH. The colorimetric method for plating solutions usually 
involves only small errors,^ except for poorly buffered baths and some 

* Mention might be made of the fact that certain of the colorimetric standards 
for pH determination on the market include a salt error of 0.4 to 0.5 pH unit. 
This does not destroy their usefulness, but allowance must be made for this error 
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metals or salts which react with the indicator. Since there are a 
large number of indicators,* a check with a different one or by an 
electrometric method will establish the accuracy of the indicator 
method. In very highly colored solutions, the accuracy of this method 
may be questionable. In general, the use of indicator pll papers in- 
volves a slightly higher error in practice than indicator solutions. 
Eor most applicable solutions, the indicator method will give a pll 
accuracy of from 0.05 to 0.1 unit. In order to obtain this accuracy, a 
definite amount of the unknown solution is taken and the color com- 
pared with those i)roduced at the same concentration, in a series of I 
buffer solutions of known pH. By matching the colors, the pH of the 
unknown beconuis a])parent. 

JCLECTHOMICI’KIC METHOD 

Tlic princi])le of determining pH by electrometric methods is based 
on tlie fact that certain pairs of eh'ctrodes in contact wiili a given 
solution accpiire an electrode potential (emf) which depends on the 
hydrogen ion concentration. When one of the electrodes is of knowm 
potential, the /dd can be readily calculated. The reference electrode 
most commonly used is a saturated ])otassium chloride-calomel elec- 
trode whicli has a potential of -|-0.2458 v at 25^C with respect to the 
standard hydrogen electrode. See Table 3. The emf of the combina- 

Tahle 3. Standaud Rekehence Electrodes veksus the Stanj)ari) 
HyDROCIEN P]l.ECTKODE TaKEN AS ZeHO 


Half-Cell 7^/2r,oc(77“E), A 

0. i calomel 0 . 383 

1 .0 iV c.alomel 0 . 280 

Saturated calomel 0.246 

Silver-silver chloride 

Chloride ion unit activity 0.222 

O.lMKCl ‘ 0.288 


tion in a given solution is measured with a potentiometer (a An^ry 
accurate voltmei.ei’) , and the pH is then calculated by means of the 
emf eciuation api)lical)le to the particular electrode used. Although 
a great variety of electrodes has been used in research, only the hy- 
drogen, quinhydrone, antimon^q and glass electrodes are used in in- 
dustry. 

ill comparing the pII values obtained by their use with pH values obtained in 
other ways. 

* Reference 3, pp. 76-90. 



METHODS OE CONTROJ. 


51 


All the limitationi;? of any given electrode should be considered be- 
fore its selection for any application. The known sources of error of 
each type should be avoided. After a definite type has been selected, 
the two most important variables encountered are temperature and 
junction potential. 

For each of the three oxidation-rcdiiciion electrodes described, with 
a calomel electrode as reference, the folUnviiig relation will exist: 

T" — V or (AA’) 

pU = - — 

wlnae V is the voltage measured by the i)oientionieier, r is the jx)- 
(ential of the calomel at a givcai t(iniperature, and T is the absolute 
temj)erature. The temperalure (‘-orreciions for tlie saturated calonad 
electrodes are listed in Table \. 


TaJUJO 4. 4'KMi*ERA'l'UltE CoitltEeTJONS FCJJi SaTUKATEL) OaLOMEL ELECri’ltODES 


I'eiiiperature 
0°O (32°r) 
25°C (77°F) 
70°C (158°F) 


Millivolt CoJ ieotion 
per pH Unit 
54.2 
59.1 
(18.0 


Tn a,(ldition to the potentials at tin*, two electiodes, there is a iliird 
potential if two diffenait solutions are in contact wilJi each othei\ 
The fldlVaeiice of ijotential set up at the junction of (Jie two solutions 
is caused by the dilTcrence in the rates of migration of the ions. As is 
common practice;, the calomel half-cell is emi)loyed as the reference 
electrod(; for electrometric pH measurements. It consists of pure 
mercury in contact with a mercury and mercurous chloride paste. In 
order to minimize the junction poUaitial, connection is made l)etween 
(tie electrode and the solutit)n through a salt bridge of potassium chlo- 
ride. Potassium chloride is used in the bridge because the transfer- 
(*nce numbers of the two ions are approximately e(iual. In order to 
minimize leakage, mechanical devices such as g(;latin plugs and loosely 
fitted glass joints arc; frequently employed. 

The Hydrogen Electrode. The chief value of the hydrogen electrode 
is that it is the standard for all electrometric pH measurements (arbi- 
trary value 0.000 v) , and against which all other methods are checked.* 
It consists of an electrode of platinized platinum foil immersed in 
the solution to be tested, with hydrogen gas bubbling around the el(;c- 


* Reference 2, pp. 993-994. 
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trode to keei) hydrogen adsorbed on the surface. Because it is so 
inconvenient to use, slow to reach equilibrium, and is so easily poisoned 
by a variety of substances, it is not suitable for practical pH meas- 
urements. 

Quwhydrone Electrode, Jf a ])latinum or gold wire is immersed in a 
solution that is saturated witli fpiinhydrone,"' a slightly soluble organic 
compound which maintains in solution equimolccular weights of hy- 
droquinone and (luinone, it acapiires a ])otential that mathematically 
n'duces to 

0.1538 - E 

pn = at 25°(1 

0.059 

wh(‘]’c E is the observed iiotential referred to a saturated calomel 
(‘lectrodc. 

The quinhydrone electrode is excellent for measurements in the 
range of pH 0 to 7. It is simj)le and convenient to use, is not easily 
poisoned, and develo|)s its potential rapidly. Above pH = 8.5 the al- 
kali reacts chemically with tlie (piinhydrone so that the voltage is no 
longer a linear function of pH. It is also unreliable in the presence 
of oxidizing or reducing agents and in solutions containing apiueciable 
fiuantities of salts or proteins. # 

Anf'hnonif Elarirode. The antimony electrode ^ is simply set up by 
inserting a rod of cast antimony in the experimental solution and 
measuring the emf in combination with a saturated calomel reference 
electrode, the mathematical relationship being 


E = -0 008 + 0.059 pH 


The useful range of the electrode is between pH 2 and 7, and even 
within these limits jirovious calibi’atiun against a set of known buffers 
is necessary. It cannot be used in the iiresence of active oxidizing 
agents, and serious errors result in the ])resence of certain cations, 
such as co[)i)or or silver, or substances that form complex ions wilh 
antimony, such as tartrates or citrates. ^ 

Gl(is{< Electrode ,’^ One of the most imiiortant types of electrode 
for practical purposes is the glass electrode. This electrode operates 
on the principle that, when a thin membrane of suitable glass sepa- 
rates two solutions of different hydrogen ion concentrations, a measur- 
able potential is observed. The resistance of this glass membrane is 
high so that a ^'ery sensitive vacuum tulie jiotentiometer must be used 
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to measure the voltage. The electrode consists of a glass bulb or tube 
inside of which is a suitable solution and reference electrode of con- 
stant ])otentrial; hence the net ixdential is dependent solely ii])on the 
pH of the outside solution being measured. Tlie glass electrode and a 
calomel reference electrode connected through the external circuit are 
immersed in tlie solution. 

The glass elcclj-ode can be used in the presence of oxidizing or re- 
ducing agents and in unburfered solutions. The main disadvantage 
is its unreliability in solutions of high sodium ion concentrations. The 
ordinary glass electrode in the j)rescnce of sodium ions has a useful pll 
limit of approximately 9. Mcaition should be made of the fact that, 
m the absence of sodium ions, it can be ndiably used for alkalinities 
above this value. Elowever, an E-type glass electrode has birn de- 
veloped for use in the lainge of 9 to 13 pH in solutions ol' appreciable 
sodium ion concentration. 

Modern pH meters are designed for convenience and Jiccuracv. Ad- 
justments are made against a known buffer solution, and the p\\ of 
the exiierimental solution can be j*ea.d directly from the calibrated 
potentiomider dial. Temperature correction tables arc unnecessary 
because of the, temp(‘i*nture comjiensator lor the range of U)*' to 

SiGNll'lOANCE OK pH IN Pi. ATI NO 

The control of pli in a jdating solution is necessary primarily to 
maintain the desired performance of the bath and the quality of the 
deiiosits. Most ])lating baths operate at an oiitimum pH range found 
empirically to produce and maintain high production standards. Tf 
the hydrogen ion concentration is not properly (amtrolled, the bath 
may not operate at oi^itmiim efficiency, or the physical proiierties of 
th(' dei)osit may be aliected. For examjile, iron or nickel deposits 
may become pitted, cracked, or curled, or zinc may become spongy or 
porous, when dej^osited in the jiresence of excessive aiddity. In gen- 
eral, pH measurements have little practical value for baths ojKnating 
at high acidity or alkalinity. In baths where pH control is necessary, 
a precision of dbO.l is usually more than adequate. 


Measurement of Surface Tension 

The increased use of wetting agents in (dectroplating solutions makes 
it desirable in many cases to nu^asure and control the surface tension. 
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Wetting agents aj'e sometimes used in alkaline cleaners, in pickling 
solutions, and as anti-pit agents in plating baths. All effective wetting 
agents cause a shar]) droj) in surface tension for very small concentra- 
tions with very little, if any, further change at increased concen- 
tiations. 

The relation of surface tension to the emulsifying ])i-o])erties of alka- 
line cleaners is weJl estal)lish(‘(l ; however, the variations in chemical 
and jdiysical properties of (he cleaiuTS and their role in removal of 
grease and oil are f[ir more (‘omplex than any simple correlation be- 
tween the siirffUM' tc^nsion and tlu^ efiiciency of a cleaning solutio«n. 
These deteiininations represent inei'ely one factor in control which 
may lead to greater (‘Iticiency or uniformity of operation. Some wel- 
ting agents aiijic^ar to lie of value as anti-ihtting chemicals because they 
promote rai)id renio\'al of gas bubbles from the cathode. 

The surface t(‘nsion of a licpiid is measured by the perpendicular 
force that it can exert ui)on a straight line one unit in length, lying- 
on its surface. In iiractice there are thr(‘e common methods of deter- 
mining this property, ininiely, (a) the rise of the licpiid in a capillary 
i,ub(‘, (b) tlie size of a, dro)) falling from an annular orifice, and (e) 
the pull I’equired to (Ud.ach a circular j'ing of wire from the licpiid 
snrfa(ic. ^ 

The most accairate nudJiod for determining the surface tension of a 
licpiid consists in measuring the height to which it rises in a capillary 
tube. The siu’face tension can be calculated from the density of the 
solution and the height to which it rises in a previously calibrated 
t-ubo. This inetliod is not so conveniently applied to industrial plat- 
ing baths as the two methods described below. 

A sin pile and convenient procedure to use is the drop- weight method, 
in which the surface tension is measured by the size of the drop that 
falls from an annular orifice. The solution is drawn into a glass tube 
luiAing a cajiillary with the lower tip ground fiat. The tube is marked 
for a definite volume to be used and is called a stalagmometer. The 
number of drops of })ure water is compared with the number of dro^is 
of the iilating bath to the measured volume at the sfnne temperature. 

The detached-ring method is usually applied by means of a ten- 
siometer. An accurately constructed ])latinum-iridium ring is with- 
drawn from the surface of the solution to be measured by slowly 
applying tension to a wire connected to the ring. The amount of pull 
is indicated upon a circular graduated scale which is calibrated to give 
readings in dynes of force. Calibration is done by measuring the sur- 
face tension of water at the same temperature. The measurement of 
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surface tension can be used only to establish a minimum concentra- 
tion of wetting agent necessary fm* a given drop in surface tension. 


Conductivity MEASuimMj^NTs 

Since most of the plating baths are highly conduclive solutions, it is 
important tliat tlie conductivity be known for maximum operating 
efficiency. For exami)le, most alkaline cleaners operating at line volt- 
age derive their (;leaning power from the high conducLivily of the 
solutions, their high pll, and elevated 0 ])erating tem])eratures which 
])ermit. the evolution of copious amounts of gas. Therefore, it is of 
practical importance to measure and control the conductivity of the 
cleaner solution. Tlie cleaner composition limits are usually quite 
bj’oad, so that it is possible to oi)era,te for varying hngths of time, 
before actual (‘iiemical analysis is re^piired, by conducti^nty control 
alone utilizing an operating grai)h. The. cleaner may be lield within 
conductivity limits e(iuivalent to those giving good ijleaning action 
for a f]’esldy prepared cleaner by the addition ol‘ cleaner comi^ound 
or the most impoi'tant constituent, sodium hydroxifle. Control by con- 
duedivity nieasun'ments alone should not be carried out for too lojig 
a j)eriod of time; d(‘pcnding on operating conditions, one week may 
be the limit, sinci' factors such as carbonate buildup will eventually 
u])set conductivity as a measure of cleaning ])ow(!r. Tlie same tech- 
nique may be used to determine the acid concentration in pickling 
baths, contaminalion of rinse tanks, and condin-divity of jffating solu- 
tions. 

The detcTinination of conductivity resolves it.self into measuring 
the resistance with an industrial adaptation of the Wheatstone bridge. 
In industi’ial api)lications where a tolerance in the order of 1 % is 
permissible, ordinary bO-cyede alternating current from the lighting oi* 
])ower circuit may be used provided that the elecirodes are approxi- 
mately the size of the standard cell, i.c , 1 cm apart and 1 sq cm in 
cross section. Alternating rather than direct current is used to ovc'r- 
come polarization errors occurring at the electrodes. 

The dip or conductivity cell electrodes can usually be constructed 
of nickel surrounded by an insulating material such as hard rubber. 
It is not necessary to know the area of electrodes or the distance be- 
tween them, since a cell constant can be readily determined. The 
resistance of the cell is measured when it contains a solution of knoAvn 
specific conductance. One of the solutions used for this purpose is 
0.02 M solution of potassium chloride. The reciprocal of resistance is 
equivalent to the conductivity. 
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For (J.02 M potassium chloride at 2r)°C, 

K - 0.0027r)S/t^ 

\vli(‘j“(* K is tlie cell constant convcrtinf^ measured conductivity to s])c- 
cific conductivity. The specific conductivity of any solution is then 
obtained directly by dividin^^ tlie constant by the measured resist- 
ance.* 

Hydrometer easurements 

]\!rhaps th(‘ sim])lest test that can be appli(‘d to the acid pickle, 
alkaline cleaner, and platinp; solutions is the measurement of specific 
<>;raAdty with a hydrometer. These measurements are rapid and can 
be taken dii'ee-tly at the tank with the ])roper (‘-orrections. They can 
indicate wh(‘tber tlu' solution under test is within overall eonciaitration 
Innil.s, whether stratification or incomplete mixing has occurred, 
whether dec,om|)osition products are building up too raiiidly, etc. The 
liydrometc']’ is coiiimonly used to control the acid concentrations in 
pic'kling, chromic, acid concentrations in chromium ])hiting solutions, 
and coiipcr sulfat(‘ concentrations in copper jilating baths. However, 
the hydrometer can be conviaiicntly (‘xtended to cover other types of 
more complex baths, if the operating limits arit not too narrow, but 
care, should be taken against its indiscriminate use when it is not a 
jiropei* guide to th(‘ conc(‘ntration of active (*onstituents of tlie solu- 
t-ions. 

1 \)LA1U )( JRAR II 1 r M EAS \ l RE M EN TS 

The value of ])olarograi)hic analysis is beginning to be aiiineciated 
by the electrocluanical industry as a rajiid means of analysis for i)lat- 
ing solutions. Although considerable developmeni.al work is needed 
on both the instrument and techniciue before (he method will be a 
common laboratory ]irucedure, the iiolarograph may wcdl prov(‘ to be 
an instrument which will give the electroplater analytical data within 
minutes instead of hours. 

As the polarographic method is a modification of the dropiiiiig mer- 
cury cathode/'^- both current and emf are measured. The method 
dihers from the connnon j)ot('ntiometTic methods in that the electrol- 
ysis is carried out with very small electrodes for short [leriods of time 
and is concerned only with the electrode solution interfac(‘ (a thin 
film of solution in direct contact with the electrode). Therefore, in- 


* Reference 4, p. 401. 
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sleiid of tiio (■,oinj)()sit.ion of the main body of tbo solution 

5 to 10 ml, only the ratio of oxidant to redurtant i)n\seut at the inter- 
face is changed. 

The electrical circuit consisis essentially of a source and a means 
of providing a known variable emf to the electrolysis cell and a device 
for measuring the resulting current a.gainst a])})li(‘d voltage, usually 
less than 5 X Id”*'' ainj), A ])lot of observed curriait against apjdied 
Aa)ltage gives a tyjhcal ])olarogram. The cathode is a small strcaim 
of mercury falling in dro])s from a capillary tube with a fairly large' 
])ool of mei'cury as the' anode in the bottom of the vessel. If tlu' ciir- 
rejit IS kept veiy low (10 ** amii) on this large anode' are'a, llie‘ ])otem- 
tial remains conslant. and variations in the (‘inf of the c(‘ll are due lo 
changes in the cathe)de potential, fleiwever, current, can l)e measuri'd 
by a[)plying cemf between the mercury eleadrodes. AVhen the' pe)tent ia.l 
is iiicreaseui slowly, a c()rre\s])onding change in the; curre'ut is ree'oreled. 
The discharge of an ie)n or the occurrene'e of any new ])re)cess al the 
cathode is inelicated by a sudeleni rise in e'luTe'nt. with only mineir 
e'hanges in emf. 


VUNTHOL OF THE DEPOSIT 

II V1)K()(JF,N EmBHITTLFMI^NT 

The basis metal adseabs nascent hydreigen during the pickling eipera- 
tiejii, whether it be cathodie; or soak ])ickling, and during the jilating 
operation some of Pie hydrogem liberated at. the cathode is a,dsorbe(l, 
either by the basis metal or by occlusion into the jdate. This action 
results in lowering th(‘, ductility’' of the basis metal and in some easels 
increases porosity, and the iilate will also exhibit poor adherence. In 
g(‘neral, anodic cleaning and jnckling should be used wlumever iiossiblc 
to minimize the (‘ffec.ts of hydrogen (unbritthanent. Hydrogen retaini'd 
in the coating itself aftca’ plating has two directions available for dif- 
fusion: (a) effusion into the atmosphere, and (h) infusion into the 
basis metal. Under the plumomenal conditions of partial pressure 
obtained in these systems, diffusion into the basis metal can be; as 
likely as effusion into the atmosphere. An apiii'cciable propoifion of 
the inner layers of the coating can be expi^cted to eject their hydrogem 
into the basis jnetal after plating just as effectively as during the 
plating or pi(‘kling ojieration itself. 

In general, hydrogen embrittlement should be minimized in the 
plating cycle wherever pcjssible. It can be relieved by heat treatment 
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appropriate to tlic basis metal and plate, i.e., at the maximum tem- 
jHTature and under conditions whicli will injure neither. 

Tensile Strenijtii 

Tensile streii^lh is a measui'e of the force required to pull the metal 
apart and is expressed as the maximum load divided by the initial 
cross-sectional area of the sp(‘cimem This i)roperty of electrodcposii-s 
is an imijortant indication of th(^ amount of distortion the plate will 
withstand before it will fracture. 

The successful measui'(4nerit of tensile strength requires rigid stand- 
ardization of jiruct'dure in the preparation of samples and iierforin- 
ance of tiie test. Th(‘ standard forms used are tubes or hat sheets 
witli reduced ser'tions. The strips can lie prepared by iihiting on 
stainless stxat and indling off ihc deiiosit which is then (uit to size. 
SluH'ts or tubes may be plater] on cojiper and the copper dissolved with 
nitric or chromic-sulfuric acirl mixture if the deposit is unaffected by 
these acids. An altca'iiative method is to platr^ 0.0001 to 0.0005 in. of a 
low-melting nirt-al on a rod, and then jhate the metal to be trusted 
over this intcTinediate layer. On heating to the melting point of the 
inlrirmediatr; layc'r, the rod may lie ])ushed out, lea,ving a, tulio of the 
metal to b(‘- tessted. For thin specimens, a standard tensile testing 
machine used by the jiapei* industry is very approjiriate. 

After the sanijih's ai'e tdectroformed, they are cut. to the size sjiei'i- 
tied by A.R.T.TM. Designation EcS-4(j and inilled in any of the usual 
tensile machines. The rate of application of the load should be care- 
fully contrcdled, jireferably according to A.S.T M. standards.'^ The 
nniximum load rerjuired to break the spr'ciimm is divided by the initial 
cj'oss-sectional area tested to givr* the t.ensile strength in pounds ])er 
sriuare inch. 

Ductility 

Ductility in a deposit is of prime imjiortanco in case the jilate is 
subjected to occasional or periodic deformation or tO" forming or ma- 
cliining operations. Qualitatively, ductility of a deposit is judgeil by 
means of the '‘fingernail test,” which is made on a section of the metal 
0.001 in. thick deposited on and stripped from stainless steel. If a 
crease in the foil can be opened without fracturing, the metal is con- 
sidered ductile. This method is commonly used to judge the ductility 
of nickel deposits. 

The property most frequently associated with ductility is elonga- 
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tion. This is deterniiiied hy running tlic (ensile test described in con- 
nection with tensile strength. The elongation of (he siiecinien when 
stretched to fracture is nu'asnred and is expressc'd ns ])e]’ cent, elonga- 
tion in a s])ecified gage length. Tests for elongation are affected 
appreciably by the thickness of the specimen. JLhLI found that, 
if the d(‘posit to b(^ tested is at. least 0.03 in. thick, the ductility is 
independent of the thickness. 

Another possible method for m(‘asuring tlu' compnrative dmdility of 
ail electrode])osited metal is the ModirK‘d Kricksou Cup T(‘s(. This 
method involves plating on a fiat strij) of ba.sis metal and elongating 
a small section of the test sjiecinuai by transmit l ing a load to the Hat 
s(u*t.ion by a hardeiKal st(H'l sidiere. Tliis test is carried out by the 
Tillius Olsen Ductility Machine, which oj)(‘rates by slowly pressing a 
steel ball against the t.(‘st piece. The load in pounds and the deflection 
in inclu's are recorded on ( wo gages. 


Internal sl.ress in ek'ctrodeposited nu'tals may have a profound 
effect on the (piality of the plate. Such residual stress may be af- 
fected by tempc'rature, y;H, current density, addition agents, or im- 
purities in the bath. Tlie result may be (uthei- tiusile or compressive 
stress, which will affect the adhesion, continuity, or corrosion charac- 
teristics of the de])osit. Most of the studies in recent years have been 
made on the significance and effect of stress in (‘lectrodejiositcd nickel 
The generally ri‘Cognized nuTliods of measuring stress in an electro- 
deposit consist in plating one side of a flat metal strip of known 
elastic modulus and measuring the curvature of the plated strip. Th(‘ 
metal strip is held rigidly in a suitable fixture so that neit.her contrac- 
tion nor liending can occair during plating, fldie plated strip is tlien 
n^leased and allowed to assume its equilibrium curvature. The radius 
()1 the curvature of tlie bent strij) is then d(‘termn)(‘d by m<’'a,snring (lie 
camber (sagitta of the ai’cj willi a sp(*c,ial gage or a microscojie with a 
calibrating vernier focusing adjustment. This is the iiu'lhod used by 
Soderberg and Graham^' and Pliilliiis and Glifton,^' who developiid 
suitable formulas foi* stress calculations AnotJicr method, dcivelojicd 
at the Bureau of Standards and I’eported by Brenner and Sen d en ) ft, 
uses a spiral metal strip iristeatl of a flat strip. Designated as th(‘ 
spiral contractometcr, this instrument measures disi)lacement caused 
by stress in the deposit during plating, the results being read diroidly 
on the dial of the instrument. 



60 


M m^EE N ELFXrrRO J . ATI \ ( ; 


Hull Ci^ll 

1 he most p;('iu!rally iistid einpiric-al ])lating range cell, the Hnll 
cull,!''-'" serves many purj)oses in the control of plating baths. Since 
it (!overs a wide current density range above and below that used in 
normaJ ()])eration, many j)lating ])ath difficidties can be predicted l)e- 
for(‘ ilie effect is seen in production. Ty])ical fjictors that may be con- 
trolled by the Hull cell tost are: addition ag(aits, decomposition pi'od- 
ucis, bath impurities, pH, and bath comyxisition. Each type of j)lating 



1, Hull (Courtesy R. O. Hull & Co.) 


bath will show different characteristics which should be studied by 
the operator for proper controh In any practical case, it is advisable 
to run standard plates for all the imjmrtant bath variables in order to 
become familiar with the typical ai)pcarance of a plate. Such a set 
of standard plates Avill s(‘rve as control references. 

Ill the Hull cell test, a wide current density range is obtaiinxl by 
the geometric ari'angemeiit of the cathode. The currcait density at any 
point on th(‘ cathodic can be estimated by the equation 

A = C{27.7 — 48.7 log L) 

where A is the curi’cnt density, C the total current, and L the distance 
along the cathode. The total current used depends on the tyjie of bath 
being tested. 

The preferred cell has a volume of 267 ml of solution. When mak- 
ing additions to this volume, 2 g are equivalent to 1 oz/gal. An anode 
of the mei-al to be plated is placed at the square end of the cell to fill 
the cross section. W^hen necessary to avoid excessive polarization, a 
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(H)rni^jit(Hl or wire ^:nizo anode is desiriiblo. A 2% hy -I in. eaibode 
is ])hieed at the oi)posite, iiieliiicd end of the eoll. The i)hitinp; lime 
and eiirrtait used dei)end on tlie type of plating; bath being tested. If 
trouble is sus])ected after a j)reviously set standard test is lain on the 
batli as it is oi)erating, eorreetions should be made on a small portion 
of the bath and a second test slmuld be run. When the desired n'.sults 
are obtained, coiTeet additjons can be made to the large bath. If the 
bath is agitated in actual pi'actice, mild agitation wjth a stij-ring rod 
should be used during the lest, 

Tuk Bio NT ('athode Tios^j' 

This is another sim])le, ra])id plating test Avhicli Jiiay be conven- 
iently carri(‘d out in the vicinity of the plating tank. It is invaluable, 
in indicating Avludher the bath is operating at peak cfFicieiu’y, whether 
imimritles are accumulating in the bath, and various other difficulties 
contributing to poor iilaiing. Basically, this cov(‘rs the normal plating 
range i.ilus both higlier and lower current ranges in one op(‘ration. 
Proper interiiretation of the lest plates from these procedures gives a 
very good indication of the operating condition of the bath itself, 
The apiiaraius commonly used consists of a, 250-1111 cell or beaker in a 
constant tcmiKa’ature baih with an anode approximately Vs thick 
and 1.5 in wide, and a, haigth sufficient to extend through the de])th 
of the bath. The anode is situat.ed directly ojiposite the cathode and 
is jilaced flat against the side of the container. The cathode is usually 
prepared from light gage copper and presents a jilating surface 1 in. 
wide and 2.5 in. long. It is bcait at right angles 1 in. from the bottom, 
and the bent section protrudes tow^ard the anode. I'he actual depth 
of the cathode into the iilating solution is 1.5 in. The geometry of 
the cathode ]irescnts ideally recessed and jirotruding sections and is 
an (excellent specimen for throwing jiower studies. The apiiaratus is 
com])leted by connecting an ammeter and a rheostat to the (uithode 
line and connecting a Amltmeler to lioth electrodes. 

The a})p('arance and character of the deiiosit on the jirotruded jior- 
tioii in the radii and vertical section of the bent cathode exhibit to the 
experiencc‘d observer considerable information on the jilating condi- 
tions of the bath. 


Bend Tests for Adhesion 

The qualitative tests can be classed as bend tests and blister 
tests. The bend tests comprise bending or flexing of the plated 
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object in .such a iiiaiuier as the specimen will permit. The bonding is 
frequently reversed and repeated until the basis metal is fractured. 
Any evidence of i)eeling, chipping, or flaking of the deposit is taken as 
cause for rejection. 

In most ca,s(\s the (jualitative test is made by hand, the test piece 
being held lirmly by ])liers or vise and bent as sharply as jiossiblc. 
However, sjiecial selaijis have been devised which moi'e or less give a 
(luantitative b(‘jid test so as to permit some degree of standardization 
and reproducibility. 

TllU COMICAU MANDKKL 

In this test a finished panel is wiajiped around a conical mandrel. 
The ap])licd force elongat-es the coating from 2.2 to 28^^; on thesi' 
sjiecial ])anels. At the same time (be specimen is given a bend of vary- 
ing radius, and compai'isoii is made between the maximum radii foi* 
cracking or flaking of the coating. 

1’WJST OK KOClvlNG TKST 

In this test the siKanmen is bent into a V shajie and is then given 
repealed bends back and forth in a direction perpendicular to the 

])lanc of the V. This rolling twdst o(‘c.urs in the vicinity of the V. 

« 

DEFORMATION TESH' 

This test consists in bending the specimen through 720*^’ in 1 80” 
stages. Observations at each stage give an indication not only of the 
degree of adhesion but also of the ductility of the coating. Absence 
of sejiaration of the coating from the ba,sis metal at 720” constitutes 
satisfactory adhesion. 


Annealing Tests for Adhesion 

Experience has slimvii that difference between coefficients of expan- 
sion of the jihite and basis metal can be conveniently used as an adhe- 
sion check for tlui plati^., esiiecially when the differences are large. This 
difference, on heating, results in a severe straining at the interface 
which produces cracks, blisters, or peeling wdien the iilate adhesion is 
weak. 

The heating tests have the advantage of not damaging tlu^ test piece, 
as they yield an acceptable jiroduct if the adhesion is satisfactory, 
and they may be used for items for wdiich the bend test is not ap- 
filicable. They also have the advantage of rapidly exposing failures, 
as sometimes a jiarticiilar plated article might not blister for wrecks 
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under normal cxi)osuro conditions, wlieroas the sanio result might bo 
obtained in one hour at an elevated tempi'rature. 

The heating tests may sometimes be misleading, as in numerous 
cases the bond strength is im])roved by the annealing treatment. In 
such instances it is well to subject the entire produclion to this treat- 
ment. This increase in bond strength is usually due either to diffu- 
sion of tlic coating into the basis metal or lo Die elimination of hydro- 
gen at or near the interface. Soiindhiies the ditTusion layer increases 
brittleness, and the plate, fractures or ]ieels readily. Xhidvr any con- 
ditions, the tem]ierature used for the heating test will deiiend upon llu‘ 
properties ol the plated metals being evaluated, and their tendency to 
react with basis metals. Where tlaar is an oxidation tiMidency, it may 
1)(‘ nee(‘ssary to use a reducing atmosphere. 



Alloy Plating 

C!haklhs L. P’aust * 

Alloy deposition in ])i'iicticc and in researcli shows distinctiA^e bene- 
fits and features not attainable by electrodeposition of single metals. 
In general, one can expect alloy plates to be denser and harder than 
plates of the single metals involved. In certain com])osition ranges, 
alloy plates have been found more corrosion resistant; more protec- 
tive for the basis metal; brighter than either single metal plate; more 
readily buffed; tougher and stronger; more suitable for siihseciuent 
])lates and chemical treatments; and depositi'd satisfactorily over a 
wider range of o]ierating conditions than oni' oi' both of the individual 
metals can be. For several metals, cuiTcnt efficiency has been im- 
liroved, and actual dejiosition of a metal such as tungsten (wolfram), 
or germanium, not iilatable pure, or deposition of nickel and iron 
from cyanides has been attained by codeposition. 

The jiractical iiii[)ortaiice of bright jilating is well recognized in 
decorative finishing, and alloy plates have an imjiortant position. 
The following are establi.shed: Ni-Co;^ Ni-Zn (or Ni-Col;-'" Zn- 
Mo; ■* and Cu-Zii-Sn.’ Tarnish-resistant properties are desirable and 
are nadized with Cu-Zn-Sii and with “siiecuhim” plate, (’u-Sn,® ^ whiiii 
is the non-noble metal alloy most closely approaching silver in color. 
Bright sjH'culum iilate has been achieved.'' Red bronzes are produced, 
and soluble alloy anodes are. used for both speculum aiid the red 
fironze. Silver is said to be made tarnish resistant by codeposition 
with uranium "* and bright by codeposition with antimony titanium, 
or selenium.'* Ni-Mo is deposited for a lustrous, black finish.'* The 
extensive use of brass electroplate is well known, and the jiroi^ess is 
described in Chapter 4. Ni-Co alloy is disclosed as having advantages 
for finishing magnesium alloys.” Tnie bronzes (90% Cu-10% Sn 
composition level) are suggested for decorative finishes,'® and the 
‘‘smoothing action’’ of codepositing a small amount of a second metal 

'•‘Baltelle Memorial Institute, Columbus, Ohio. 
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with nickel luLs been devseribedA'* Bright Sii-Ni alloy plate is aiiiong 
the most recent accomplishments^' 

For i:)rotection of other metals, the porosity, tlu‘ relative electrode 
potential for galvanic protection, and the nature of the corrosion 
jirodiicts of the de])osited metal are important. Sn-Zn alloy plate 
has interesting j)rosiK'cts for benefits in all three of those proper- 
tiesd'*’^'^ Enough zinc is in the alloy to make the potential less noble 
relative to that of steel and yet retain many of the characterislics of 
till and offer galvanic protection under many conditions. Similar 
effects for corrosion pi’otectioii can be obtained by other combinations 
of metals in alloy jilates. In a specialized form of jiroteclion, Pb-Sn 
alloy d(iposited on anodes constructed of other metals renders them 
insoluble in chromic a,cid plating baths. The meiliod of deposition 
has betai descrihed."' The variability of conosion conditions renders 
impossible any specific designation of alloy plates having wide utility 
m protective value. Nevertheless, the possibilities for alloy plat-es are 
interesting, with particular reicrence to ('d-Zn,““ Cu-Sn,-*‘ W-Nir^ 

W-Ni,-*' and tnngsteii alloys; W-Ni, \V-Co, W-Fe,-'^ Sn-Ni/^ 
and lead alloys with thallium, bismuth, and silver.-^^’'*’'^ 

Imjiortant a])i)licati()ns for alloy jilates will he found in bigh-t(‘in- 
peratnre service. Composite parts will consist of the basis metal and 
an alloy-eleciro])lated siii'face. The basis is selected for its ease in 
fabrication and jncchaiiical properties at the higJi temperature. Thci 
])hited alloy is selected for its chemical and ])hysical resistance under 
the conditions of service. Most of the alloys having high tcmj)cratui‘e 
resistance to oxidalion or oilier forms of surface cliemical attack are 
(lifhcult to fabricaie "J'he dojiosition of the alloys has been started 
with the work on W-Co, and tungsten alloys; "'* W-('o, 

W-Ni, W-Fe,"^ and with i-escarclies underway on chromium and molyb- 
denum alloys. 

The last comments in the preceding paragraph icd’er to iirotective 
finishing against high temjierature c.orrosion, lait can become so im- 
jiortant to iierfonnance as to be included witli “engineering jilating.” 
In this field, alloy plating has achieved (jommercial success, and it has 
a promising future, because there arc significant metallurgical jiossi- 
hiliti(!s. For the lining of bearings by alloy jilating: (1) thinner 
liners can he produced, recpiiring very little, if any, machining after 
dejiosition, so sera]) is greatly reduced and production is facilitated; 
(2) the liner is apiilied in a “cold casting” ])rocess that does nut sub- 
ject the backing material to heat treatment or tempering; (3j alloys 
can be made of metals difficult to alloy in any other way; and (4) 
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liners liaving unusually fine grain size and structural unilormity arc 
liroduced. Pure silver electroplate, when overlaid with successive 
layers of lead and indium or Pb-Sn alloy plate, give outstanding per- 
formance as a bearing liner for such heathy duty, internal combustion 
engines as those used in airplanes, tanks, and diesel engines, particu- 
larly during World War 11. 

The indium plate proA^ents hot oil erosion of the lead plate which 
imparts “oiliness’^ to ilie silver plate bearing; whereas the Pb-Sn 
alloy (approx. 5 to 10% Sn, remainder Pb) performed both functions. 
Ag-Pb alloy plate functions as well as a bearing without the need 
for an overlay to lu'ovide (Ju*, other features, as does the two- and 
tln*ee-layer composite. 

Cu-graphite,'^’^ Sn-grai)hite,^‘ Ag-C'd,'‘‘ and Cu-Pb alloys have 
been electrodcposited in bearing studies. (hi-Pb electrodc'posited 
bearing lijiers show the same load-carrying (;ai)acity as bearings 
])oured in the usual way.^‘ Pb-Sb-Sn alloys are deposited for bear- 

Corrosion resist a, nee and inpirovcd ^Sveai-” pca-forinance are disclosed 
for silver with which thallium is codc])osited for a bearing alloy.’^ 
Sensitive, higli idni)eratur(' thermopiles,^'^ iron alloys haAung excep- 
tional magnetic jiroperties,''^ alloys for electroformiiig thin sl],eets,‘'' 
and alloy materials tha,t can be electrodejxisited for building \i\) worn 
parts or for special surfacing have been proposed. Cu-Zn alloy plat- 
ing to exact comj)()sition has been a large scale commercial i>ro(a‘ss for 
years to jn'ovide a bonding layer for rubber coating steel, alumiiuun, 
and other metals. For securing rubber adhesion, tungsten alloys 
are also disclosed. The apiilications of Ag-Chi and Ni-Fe alloy 
phites arc disclosi‘d as uuderc-oals for enanud.'^'^ Int-ermediate alloy 
layers are deposit(‘d to iiniu’ove subsecpient nickel and chromiuin 
])lale.‘'’' Pb-Sn solders liaA^e ])een refined and manufactured for 
many years by elect, rode])osit ion of the alloy.'*'’’'^' 

The question might be raised, “Are codeiiosited metals alloys?”. 
The answer is, “'J'liey are.” They usually have a phase structure' 
comparable with that indicated as stable for the tempei’ature at which 
the electrodcposited alloy was formed. Furthermore, the metallurgi- 
(‘al nature of alloy electrophites is of interest to any ustu' of them. 

X-ray examination reveals that, apart from the superstructure of 
/!^-brass, the same ])hases occur in alloys deposited electrolytically as 
in melt-formed alloys. Phase limits closely agree. Debye-Scherrer 


* Reference 27, p. 16. 
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interference rings show a strong distortion of the lattice, particularly 
in the a-phase. Elcctrodcposited a-brass is harder than the cast form, 
but hardness of the /?-, y-, and e-phascs is unaffected. Resistivities of 
the alloy plates are normal, and hydrogen overvoltage on e- and 7 /-alloy 
plates is the same as for pure zinc, but for coi)])er-rich alloy plates, 
hydrogen overvoltage is lower. 

Electrodeposited Ag-Cd alloys ccaitaining 96-31% ('d w(‘re sliown 
by x-ray analysis to be eitlier solid solutions o]‘ comi)ounds.'’'^-^’^ Tn 
the region of the /?-pliase (44-57% Agl another phase was seen, the 
/if'-phase, having a hexagonal lattice, stable at low temperatures. 

In eleefrodeposited Ag-Zn alloys, all ])hases are present according 
to the i)hase diagram excei)t the f-])hase.^’’ Except for the ^-i)has(‘, 
all correspond in composition to those of the thermally pr('i)ared al- 
loys, The a-phas(^ is the same structure as in cast alloys The 
/J-phase, body-centercal cubic, is identical witii that in alloys of tb(‘ 
same composition cast tuid (pienched from temperatLires above the 
transformation, 

X-ray study of Fe-Ni alloy electroi)latcs resulted in agreement 
wiih tlu'rnially i)repared alloys.*’- Unlike cast alloys of Ag-Pb, which 
have large silvea* crystals with lead pj’esent in the grain boundai’ies as 
dendrites, the elecirodc'posiicd Ag-Pb alloy is exceedingly fine-grained 
and shows no segregation of lead Ausible in optical microscopes. X-ray 
studi(\s I'oveal that tiu; silver lattice is expand'd The electrode- 
l)Osited alloy can be, recrystallized withoul/ further modification and 
retain the fine structure. 

Rright speculmn jilatc is looked on as a uni(]iie form of the c-pliase 
CueSnr,, with abnoj-mally (‘Xiianded lattic.e jiaraineters and modified 
ctimposition.^'^ Brightness recpiires small ciystal size and preferred 
orientation. Composition approaches (hiaSn. Irregular articles are 
said to be imjilateable with uniform linghtiicss, because of impos- 
sibility in jiracticc of controlling plate corniiusition. Rooksby sho^A^s 
fJiat true brightness I’esults over only a narrow composition range. 
This effect is a limitation of the method used, since bright speculum 
is now ])lateable, under the trade name Liisiralite, uniformly on ir- 
regular parts.* 

Another unusual eombination of metals has succumbed to alloy 
deposition, »Sn-Ni, a bright plate.^’^ The plate is a mctastable, single- 
phase alloy similar to hexagonal Ni;^Sn 2 , yet the composition is NiSn. 
Cast 65% Sn-85% Ni is a mixture of y and y dash, NiaSuo + Ni:{Si 4 . 

* Process of tie Cily Aalo Stami)mg CJoiiii)siny 
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At 400°C the alloy plate decomposes to normal Ni 3 Rn 2 + Ni 3 Sn 4 . 
The Sn-Ni alloy is comparable with speculum (Cu-Sn) plate. Both 
alloy plates are more dull when random oriented. The bright Sn-Ni 
plate on cop]ier is oriented with (110) planes parallel to the basis 
metal surface. 

From the x-ray investigations of clectrodeposited alloys, the conclu- 
sion can be rea(*hed that they are alloys in every sense of tlie woi'd. 
When tlui i)roper metal combination is used, they are suljject to hard- 
(‘umg by heat treating, which causes solid precipitation.-'* 

An interesting and im])ortant asi^ect of alloys obtained by plating 
is the forming of them by heat Ireating after deposition of different 
metals in individual layers, v^ince this is not actually ‘‘alloy deposi- 
tion,” reference is made here only to the extensive l)ibliography ' 
and file historical review of the subject.^^^ 

This brief introduction cannot adecpiately disclose the scope of alloy 
jdating work, but it will indicate to the reader the important role that 
alloy plating can assume. More extensive reviews are reported else- 
where. There are enough iniblications to show the general ])roce- 
(hire to be followed in securing alloy })lates. The catliod(' and anode 
j)roe(‘ss c-ont-rol hav(‘ becm studied for nuni(‘rous syst(‘ins. 

FTJNC^IPLES 

The same principles apply to, and the same f(5W variables control, 
both alloy and single-metal ])latiiig. In ordc'r to codeposit two or more 
metals, th('. A^ariables must be combined in a way that causes the 
metals to codeposit at the same potential. The deposition potential 
of a metal or alloy is determined by the activities of cations and 
anions in the cathode “film” and by the temperature. Tlie activities 
are functions of the ion concentrations Avhich, in the catluKle film, are 
determined by the rate of deposition, by the ion coneentj-ation in the 
bath, and by the rates of diffusion of the ions involved. Thus, then^ 
is a different “ta])l(‘” of deposition (and of static equilibrium) poten- 
tials for the metals, depending on the chemical nature of the electro- 
lytic solution. There is no single, fixed set of values for static and 
deposition iK)tentials of metals that is universal for all conditions. 
This situation makes codei)osition of metals not only possible but 
])racticable. 

The dei)Ositioii potentials discussed in the following i)aj*agraphs are 
those measured in the iiarticular solutions of interest, or und(T investi- 
gation. 
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In an alloy plating bath, the single-electrode potentials, of the 
metals, as given by Eq. (1), arc generally fairly close together: 

RT 

0) FJ = E^ + Ina"^- 

vF 

The ecpuition refers to a condition of reversible e(iuilibriuni. Since 
deposition usnally occurs in an irreversible proci'ss, Eq. (1) cannot 
indicate the dei)osition potential which is a dynamic vahie associated 
with the discharge of cations at a definite rate in an irreversibh' 
process. 

The deposition iiolential, E"', as given by the c(|uation 

RT 

( 2 ) hia"-'--y-^ 

vF 

iiicliid(‘s a term which exceeds (F^ In both Eqs. (1) and 

(2) the factor is the activity of the depositing cation in the film 
of plating bath at the cathode faca^ E^^ is the “standaitl” equilibrium 
(‘lcctrod(‘ i')ot(‘ntial ; P can be called a rate factor expressed as the 
extrji ])otential rcijuired to keep the deposition going at th(‘ givi'ii 
s])eed. (hilciilation of a metal deposition i)otential by Ec). (2) re- 
(]uires a knowledge of the values of rd' '• and P foi* the given plating 
conditions, ie, (uuTcnt density, temi)eratur(‘, concentration and va- 
lence of all ions, ion mobility, pU. 

The E^^ values fur copiier and zinc are far apart in the standard cmf 
scri(;s, and codc])osition iwosjiects would appear to be remote. This 
difference in potiaitial c^aii be eliminated or even reversed by changing 
the values of a"+, as would result from a large change in concentration 
of the ions of the depositing metals, such as by complex ion forma- 
tion. Calculations, for illustration, show that the copper ion concen- 
tj-ation can be made mmdi smaller than the zinc ion conc,entration in 
cyanide solutions as used for Zn-(ki alloy i)lating.^'‘'^ In a solution 
containing sim])le salts of zinc and copper, the ion concentrations and 
the activity coefficients of the two metals are so close togetlu'r that the 
large difference between E^^ for cojiiier and E^ for zinc cannot be 
reduced enough to permit good alloy plating. In a solution of the 
complex cyanide, the Cu * coiic,cntration can be rc'duced to the order 
of moles/1, and the ion concentration ratio of Zn ' * /Cu+ will 

be very large. The calculation which shows this is of general use in 
considerations of alloy plating solutions in which data on the molecu- 
lar composition and the ionization constant of complex ions are em- 
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ployed. For illusiration: the copper cyanide complex is taken to be 
Cu(CN)a~, for which the ionization constant is 5.6 X 10' and the 
zinc cyanide conii)lcx is taken as ZnlCN)^-, for which the ionization 
constant is 1.3 X 10“”. Then 


(3j 


G1) 


^ ^ = 5.6 X 1(1-“*' 

lCu(CN)a-| 


(20++) (CN--)^ 


= 1.3 X itr’" 


I 


To simplify, Uk! followirifi^ jiblirc vial ions are used: 

(Cn = [Cn{VN):r\ mnl (7/ ) = fZii((^N),r I 

Wlnm oquilihriiim is reaeliod in a solution coniamiiiji; Ko( 'n(( 'N );s 
and K^ZidC'N)^, ibe (‘.on(‘.entralion of CK~ ions innsi, be the same in 
each of the exjjressions (8) and {4). Thus 


,J(5.6 X_20“-“)(e“) _ J(J-3 X l() -'^)(Z-j 

’ ^n^ ” V (ZiT'T 


from whi(‘h 

[(_Zn^)]^ _ [(1. 3 X 10-'" )(Z-)r'' 

~(C^') (’5.(rxlo^“^''KtrT 


Assuming, for the solutions containing l)oth and 

K 2 Zn(CN) 4 , that ((^^) = 0.05 and that (Z=) = 0.025, which would be 
in kec'piiig Avith the salt concentrations used, it follows that 


(5) 


(Zn-^+)’- 

T— = (3.87 X 10’") 

(Cu-t) 


an 


= 4.86 X 10'" 


Thus the coiiceiitration of the zinc ion gi'eatly exceed.s th(' concenlration 
of the copper ion. The actual ratio (Zn"^ ' )/(('u woidd be a litUe 
less than 4.86 X lO'", because of the term [(Zn"^^)]'’, since the con- 
centration of Zn''"'' is less Ilian unity. In complex ion solutions for 
plating, the concentrations of metal ions are usually less than 1 raoh'/l. 

As a further consideration, one may approximate the concentration 
of Cu''’ ions in a solution formed by mi.xirig l.ogethcr a solution 0.05 M 
with respect to Clu((lN) 3 ''' and a solution 0.025 ilf with lespect to 
Zn(CN)4“. 

In Eq. (3) let (Cu"*") = r, and (ON”) = 3.r, neglecting the value of 
X in Cu(CN) 3 ‘= = (0.05 - x). Then 
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(;r)(3.r)'' = (0.05) (5.G X 10~"") 
whence x = 3.19 X 10 

Therefore ) X 10^^ 

in ilie eoj^pej* .solution uiid 

(C^N ) = 9.57 X 10“^ 

A .similcii- calculMhion for (lie eoiicentniGon of (Zn ^ ’) and (('N" ) in 
the zinc solution [usiiif; ]C(i. (4)J ^ivoiS 

(Zn^^) - ().()2 X 10 ' 
iCN ) = 2.05 X 10^^ 

AfU'r (lie t.wo .solutiotis are mixed, the (-N ion coiic'entration would 
l)(^ approxiniutely that in (he zinc solution, i.e., (C-N) == 2.05 X 10 

sin(*(' the value in the (‘op])er solution is so much lower. Jluai an ap- 
])i‘oximation of the coppc'r ion concentralion is ag;a,in given by hlcp (3), or 

loH)! . ,,, ^ 

(1.05 

((^u+) = J.50 X K)-'"* 


From tlie.so iipiivoximiito valuos, (lion, 


(Zie ^ ) 
leu'll 


(7.(j2 X 
1.50 X 10“"^ 


i:s{) X lo’-' 


wliicii value is of the oi'der of tliat expe.e.ied according to the, preceding 
calculations. 

In a luaniier analogous to this illustration wdth copiier and zinc; 
(■oinpIexe.s, calculations can he made to determine whether complex 
ion foi'iiiation brings the luelal ion concentrations close togcither. 

The ahovc-calndaled molar concentj-ations of Zn ' + and Cu+ can 
be used in Eq. (Ij instead of <i” '• for an approximation of the two 
equilibrium electrode pote-ntials, respectively, for the 0.025^y 
Zn(CN) 4 =^ solution and the 0.05M Cu(CN)3=' solution. At 25°y 
for co])pcr in equilibrium with Cu+ is -[-0.52 v, and foi zinc in 
equilibrium with Zn+ + is -0.76 v. Accordingly, at 25°C, 


forCu: 


0.0592 

0.52 -I j — log 3.9 X 10 


= 0.08 V 



72 


M O J JKKN EL ECTROFJ ATIN G 


0.0592 

for Zn: = -0.70 H log 0.()2 X K)- ’ 


= -0.S5 V 

AliJiougli llic calculation reveals that the zinc and co])pcj‘ poLeiitiats 
have been brought nearer together, there is still a sjiread that might 
a])pear too great to allow codeposition. When the solutions arc mixed, 
the Chr'^ concentration is 1.5 X 10 ~ Then for copper 

0.0592 

= 0.52 H ^ — log 1.5 X 10'^^ 

= -0.47 V 

At ail ion concentration of the order of 10 the activiiy of that^ 
ion will b(‘ at least that small and jirobably snialhu', so ilie actual value 
of for copjier will be more negative than —0.47 v. Thus, owing to 
the ehVet of ZnlCNli"", fJ" for coi)])(‘r a,p])roaches much closer to that 
of zinc in the mixed solution. From such calculations using ion con- 
centrations, it could be reasoned that codeiiosition of copper and zinc, 
is a possibility and deiiends ujion the ti^rm P in Fq. (2) to eliminate 
eti'ectually the remaining difference', so that the dejiosition iioientials 
liecomc essentially the same. This is known to be accomplished in 
brass deposition. 

Such solutions in which the relative ion concentration of the mori' 
noble metal (am Ije made considerably less than that of the less noble 
mc'tal arc good jirospects for alloy jdating. Thc' calculation of ])rob- 
able i(ni concc'iitrations can only be indicative of a jirospect, because' 
the measured concentrations are those in the body of thc plating solu- 
tion and not those of the ions in the cathode film. The latter is thc 
important location, and ion concentrations there arc determined b}^ 
their relative diffusion rates. 

In discussion of Au-Cu alloy ])lating, Dole iiresents calculations 
to show that the gold deposition is controlled by the rate of diffusion 
of the gold cyanide complex ion. Coj)per dci)osition in this system is 
not explained by the same diffusion theory, and the copper-to-gold 
di'position-ciuTcnt ratio is smaller than would be predicted according 
to the diffusion rates. AVhereas the proportion of thc current deposit- 
ing gold is controlled by diffusion of the gold com})lex, thc coppei cui- 
]*ent is thought to be conti’olled by the rate of dissociation of the cop])ei 
cyanide complex. The relative diffusion and dissociation rates be- 
come imi)ortant considerations in any alloy plating study. 
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Parks and LeBaroii have empirically developed an e(piation that 
is interesting in the study of alloy deposition. The limiting eoncen- 
tration of the*, second metal in the bath at ^vhich pure second metal 
will de])osii- is shown as a function of the valences of the two metals, 
the difference in single deposition })o(entiaJs, the e(]uivalent weights 
ol the codepositing nudiils, and tlu* cathod(' current density, where 
mono- and bivalent metals ar(‘ involved in acid baths. 


(h) 


aZr - hz.‘ 



* log c.il. 


Also, ]j - Ti/r., where C\ is the concentration of cation of lower 
catliode i)otcntial at the limit of cod(‘position. Z\ is thi‘ valence of ions 
oi lower cathocU' jxitential; is the valence of ions of higher cathode 
j)otc‘ntiaL N is the diffei-ence in (‘athode i)oientials of the j)ure metals 
at tlu‘ given cathode current density. Ki^ is the equivalent weight of 
metal of lower cathod(‘ ])f)leTitial; En is the e(]|uivalent weight of metal 
of higher cathode j)oten(ial. c.d. is the cathode current, density (ma/sci 
cm), a, b, and c are constants wdiich Parks and LcBaron empirically 
(M'aluatcd from data, on several combinations of codepositing metals. 
The (‘(juation accounts for the ratio of ion a(;tivities in codei)osition, 
sinc(* it imdudes the valence and concentration ratio on which activities 
aj-e dependent The effect of other variables, not; included, would be 
to influence t he term N' and the constants. 

These valuables influence the rate at which metal ions are bj'ought 
io the cathode layer and the rat(‘- at which they are removed by depo- 
sition. Inasmuch ^tS the same variable's dctea-iJiine tlu' ion concentra- 
tion in the cathode liquor layer, they also inlluence the aclual value 
of d' Therefore a certain ty})e of bath can be used for alloy plating 
Avhen for two metals, ilfi and Afj>, the ion relati()nshi[)s in th(' liquor 
lay(*r adja(*en(; to the cathode are such that; ni'’’ ' and have values 
rcdatiAa^ to ^ and iL dmmg deposition which olTst't the diffei’ences 
befween and E±^. Then, both metals will deposit at the same depo- 
sition potential, E'K The potential of the alloy depositi(jn must be 
more noble than that of both individual metals and of hydrogen from 
a giv('n solution, if aqueous solutions are involved. 

No way has yet been found for directly measuring and P for 
tlie irreversible process of metal deposition. Although Eqs. (1) and 
(2) (am be derived by several methods, neither the method nor the 
etjuation gives any information about the nature of the process oc- 
curring in the cathode film during electrodeposition. 

Fortunately, we can measure single-electrode potentials and single- 
metal deposition potentials under conditions where certain factors are 
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known. This information can be used indirectly in alloy plating 
studies. 

Those solutions of the metal sails in which the single-electrode 
potentials Ei^ and are quite close together obviously indicate that 
ion activities of the two metals are such as to offset differences in stand- 
ard potentials. However, the single-electrode potentials merel}?' indi- 
cate what ty]K*s of solutions sliould be used in measuring deposition 
])ot(jntials. In baths wJiere E-i'' and E^^ are close together, and 



Single -deposition potential 

Fig. 1. Siiigt'-plcctrodo polc'nlials of metals A/-, and Mo versus curroiit demsity 
ni the same type of l)alh, 

E'/ should be measured at several differed il. ciu’rent densities, tem- 
peratures, pll values, batli concentrations, et('. When the single- 
deposition potentials can l)e made the same, or nearly the same, [or 
two metals when each is separat.ely in the same type, oi‘ compatible 
types, of solutions when mixed, i.e., E/ equals good i)ros])('cd 

for an alloy plating bath is found. Figure 1 shows a r(!])i‘('sentative 
chart depicting the change in single-deposition ])otentials of ea(‘-h of 
two metals and as the current density is increased. There is a 
range wliere potentials are the same for both metals. "V"et, A\diere the 
potentials are the sanu‘, the current densities associated with those* 
potentials are different. 

Figure I can be said to indicate that the bath “might” codeposit Mi 
and M 2 at a deposition iiotential Fi, in amouriis proportional to ly and 
/i, and at Vo, proportional to h and /o. The expression “might code- 
posit” is used because controilmg factors are interdependent. The Mj 
and Mo curves were determined sepai'ately, when only one metal was 
depositing. In this case the values for ai^+, Fi, and Po were not 
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iiiHucncc’d by the codopositioii of any other cations (assuming 100% 
current efficiency of deposition and, therefore, no hydrogen deposition). 
Tl Mj and were in the same bath and the deposition potentials 
and EJ' could be measured during codeposition, the values ciuitc 



Single-deposition potential 
Fijir. 2. 


likely would not eciual \'\ and Ko for corresponding single plating 
conditions. When Mi and are codepositing from the same bath 
niid(‘r conditions thought to be the same as assumed for Fig. 1, the 
actual ]'(‘lativc‘ deiiositaon j)otentials might be found to exist as shown 
by Fig 2, if some way were known for determining single-(lo])osition 


t 

i7) 

c 

Q) 

■D 



Single- deposition potential 


Fig 3 


potentials during codeposition. In extreme cases, deiiending on cur- 
rent densities and polarization effects, Fig. 3 would be obtained. 
(_k)depositing metals “influence each other. When Mi^’^ and 
are both present in tlie cathode fdm during codeposition, ai’^+ 
and 02 ^'^ are probably different respectively from the relative values 
when the ions of only one metal are present, as in single deposition. 
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Tjikcwisc, the polariziition factory iiihucncing Pi and Py for each niei-al 
relative to tlic other and to liydrogen are likely to differ in alloy and 
in single-inetal depoisition. Therefore Eq. (2) and .single-depoaition 
l)otential m(‘ayureinents are of only indirect use in alloy plating. 

Single-de])o.sition studies might even show little or no possibility of 
alloy de]K)sition with some metals in certain baths; for example, nickel 
and iron from cyanide or tungsten from alkaline baths, wliich, if tried 
in single dcjiosition, would b(‘ discarded as unfavorable for alloy de- 
position. When tliese metals are in such ‘bionplating” batlis containing 
other metals that can dejiosit out, the “un])lateal)le” metal will code- 
posit under certain conditions. For (ixample, Cu-Ni/’^^* Cu-Fe,^’^^ Cu- 
Zn-Ni,*^^’ Cu-Ni-Fe,'^^ Ag-Ni,'^“''^" Au-Ni;" have becai deposited from 
cyanide baths, and tungsten alloys and Re-Ni alloys from alkaline 
solutions.-®’ No alloy plating pro.spect should be overlooked merely 
because one of the metals cannot be deposited singly frojn one or the 
other bath. 

The comments on tungsten plating from alkaline baths a.nd of 
nickel and iron from cyanide baths need further ami)hficatiojn Actu- 
ally, a thin film of each of these metals can be deposited, but, oiua' 
coverage is completed, dei)osition of the metal stops and (lint: of hy- 
drogen continues. On the basis of metal involved, the deposition po- 
tential of tungsten (or of nickel and iron) appears to be more noble 
than that of hydrogen, but., as soon as a tungsten surface is iwe- 
sented, this relationship no longer holds, and hydrogen deposition po- 
tential is then more noble. Overvoltage of hydrogen deposition is 
known to be related to the kind of mental or alloy involved. These 
difficultly depositable metals (‘-ould be considered code]X)sitable, be- 
cause the alloy plate retains a position relatively more noble than 
hydrogen. 

A “catalytic theory” has been inuposed to (‘xplain the codepositioii 
of tungsten with such metals as iron, ni(‘kel, and cobalt.'^' The essen- 
tial process involves two laithodc reactions: 

(7) M'‘+4 2F = i'17 

(8) W()4^ + 8H+ -h ()F - W 4 4H2O 

A thin deposit of metal, M, is formed on the cathode according to (7), 
then it acts as a catalyst for (8). When the cathode is covered with 
tungsten, reaction (8) stops and M is deposited again, and so on. 
Metal deposition on a cathode through the action of 11+ also exidains 
tlic deposition of chromium from chromic acid (CrOn) solutions."® This 
j-eduction process is worthy of further study in connection wuth tin* 
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(‘lectrodeposition of other metals. Tliese remarks, of course, refer to 
aqueous solutions and to nonaqueous solutions containing compounds 
lonizable to produc(‘ electrodejiositable hydrogen. 

Electrochemically considered, metal dejmsition fretpiently involves 
“alloy i)lating in whicli hydrogen is the codepositing element/’ even 
wlien hydrogen is finally discharged as a gas, since the codeposition 
conditions are fulfilled. Alloy plating, referring to metals, men'ly 
changes this prospect to “hydrogen and two or more metals.” 

The previously used (‘X]iression “might codejmsit” in reference to two 
or more metals is too broad from a practical point of view. It should 
1)0 narrowed down to “might codeposit in acceptable form.” ddms 
Figs. \ and 2 show iiossible codejiosition jiotentials, but these bear no 
relation ])er se to ])hysical foi-ni of the plate. One freipiently finds that 
at Vj, for example, or even at Vi, th(‘ liniiling current density for 
sound i)late of ilfi lias been (‘xeeeded, althougli the limiting current 
density for alloy plate has not been. Oodeposition fre(]uently has no 
])ractical value, unless addition agents can be used to improve the 
physical condition of the plate. Examjiles are found in Ag-Pb, Ni-Zn, 
C/u-Pb, and Ou-Sn plating. On tlie otluT hand, instances of tlie revmse 
are true; tliat is, acceptable j)lates ar(‘ produced beyond tJie current 
density limits indicated m Figs. 1 and 2. In this case, codeposition 
has raised the apjiarent limiting current, density of one of the two 
metals. Examples are found in ])lat.ing of (Vl-Ag, bright Ni-Zn, Oai-Sn, 
and Ag-Pb alloys. 

When ])roblems of the physical condition of the jilate arise, tJie 
alloy plater can turn to “tricks” known to all platers, such as use of 
addition' agents, altering the pH, changing the degree of agitation, 
varying the biith temperature. These are some of the reasons why 
each alloy plating problem is finally solved only by direct experiment. 
The ojitimiim combination of the several variables and operation 
ranges are “tailor made” for each particular alloy. 

By caniful study of the many references in the literature bearing 
directly on a given jnetal combination oi* oji other combinations cou- 
taining one of the metals, })robable alloy jilating baths can frequently 
be determined in a few cxiierimcnts. Tedious measurenients oi depo- 
sition potential are then eliminated. Tn any case, the optimum hath 
composition must be develo])ed empirically. 

Many microscopic examinations of sections of alloy deposits have* 
revealed a lay('r structure apparently consisting of two different com- 
jmsitions.'"-"" The layer effects could result from periodic, change's 
in deposition potential. The periodicity would he caused by rela- 
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lively more rajnfl depletion of more noble metal ions in the cathode 
film. As the more noble ions are depleted, the less noble ions increase 
in coiicentrati(jn or activity, so they plate out in larger amounts, until 
their concentration is in turn depleted. Consequently, a periodic alter- 
ation in deposition ratio might occur which would give rise to banding 
in the plate. The bands vary in number and thickness according to 
bh(j relative ion aci>ivities, individual overvoltages, pH effects, and 
addition agent effect. 

All experimcnal develoimieiit should be made with as complete 
freedom fi'om bath impurities as possible. Frequently, alloy deposi- j 
(ion l)athH have l)een discarded in preliminary work because of poor' 
])lates. The actual cause of the i)oor ])laies w\‘is the small amounts of 
other metals or organic ma(-ter in the })ath. After the jmre solution 
ex])(!riments hav(‘ led io a bath and reproducible opei'ating conditions, 
the tolerance for im])ujities should be studied. 

After the conditions for codeposition have been found, only the firsi 
step toward a comima'cial i)r()c(‘ss is comph^ted. N(‘xt, the anode re- 
actions and the effi'ci. on them of variatiion in the sevei‘al factors must 
be studied. 


THE ANODES IN ALLOY DEPOSITION 

The anode process in alloy deposition is equally as important as the 
catiiode process. Frecpiently a ))ath that proves suitable for de])osition 
of a given alloy is entirely unsuitable for use with soluble anodes. 
Therefore the anode process should be studied as soon as any batli 
shows jnomise of pj'oducing the dc^sired alloy plate. The anodes can 
be either (1) soluble alloys; (2) soluble, separate anodes of each metal; 
(3) insoluble, wilJi metal makeup by addition of suitable compounds 
of the metals; or (4) combinations of (1), (2), and (3). 

Alloy anodes ])ro^'ide the simplest control. Certain factors, such as 
jdiasial, jihysical, and chemical c.omi)osition aiid imjnirities, must be 
takc'Ti into accouni."'' Figure 4 shows the manner in whicdi static elec- 
trode potentials depend on the composition of a binary alloy. When- 
ever two phases fire i)r(‘si'nt in an alloy anode, the possibility of selec- 
tive dissolution exists A single-phase, solid-solution-type alloy 
anode is normally expecled to be most satisfactory. The mechanical 
mixtures and the filloys consisting jnincipally of intermetallic com- 
l)ounds present special problems. Each of these alloy types has been 
used successfully as soluble anodes. When alloy anodes are unsuitable, 
separate anodes of each metal should be considered. 
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As for deposition potentials, anode dissolution potentials are not 
directly predicted from a simple study of static electrode potentials. 
Actual dissolution studies must be made in order to develop the con- 
trol process. Obviously, the anodes must supply the bath with the 



At. % B 

4. pf)t(‘ii1,ui] of various typt'.s of alloys. (From Rofc'ioiicc' S2.) 

codei)ositing metals at the same rate (or slightly great(‘r rate to olTstd 
drag-out) and in the same ratio as codeposited. 

The rate aufl nature of the alloy anode dissolution de])end on its 
chemical and i)hysical composition, the current density, temperature, 
type of electrolyte used, pH, agitation, etc., in a pi'ocess the revei’se of 
deposition. 

Faust, Henry, and France"*' investigated control of alloy plating 
baths by using alloy anodes representing both single-phase hornoge- 










ATJ.OY PLATTNHJ 


81 


neons and dui)lex structures in the Cd-Ap, svvsteni. Figure 5 shows the 
metallographic structure (h some of these anodes and the eoiTespond' 
ing plates. 

Anodes of du])l('X structure n'cpiire closer current density control 
than single-phase, solid-solution-tyi^' alloys. For exami)le, in cyanide 
sohitions, high (M-low Ag alloy anodes obtain a coating of silver by 



Pi”;. () AViriiif; of ithi.imf' Uink using sc)Kira1c anud(' dmiits for auodoe 

of diffcn’nt motiits, for jtkitiTig a t)iii:uy alloy of llni metals n'lnesc'iitod as M 
and Q, A = amiiudx'r; 1 -- Nollmeter; t/ ^ gemaator ; R = resist, aiiec' ; S ' 
switch; (7 - (kathode; M and Q anodes. 

chemical displacement, and the t-i)hase will be insoluble as an adherent 
coating mixed with th(‘ silvei- if too low anode current density is used. 
On the oth(‘r hand, the homogeneous, solid-soluLion-alloy anode dis- 
solves completely al 100^/' effici(*ncy, even though silver is displaced 
on it. Such chemical disiilaccMuent upsets the primary ion ratio for 
alloy composition control at the cathode. 

Whenever there is a wide dirterence in relative nobility of two 
metals or the alloy shows low anode efficiency, in an alloy plating bath, 
separate, soluble anodes of the two metals should be considered. 
The metal dissolution ratio and weight are controlled by carefully 
maintaining: (1) the current density on each of the two anodes by 
separate adjustment of current to the anode bus bars and by regula- 
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lion of submerged anode area; (2) the potential drop between the two 
different anodes; (3) the j^otential drop between the cathodes and each 
set of anodes; and (4) the proper placement or position of the anodes 
in the tank so that anodes on one bus bar do not receive series cur> 
rent flow from anodes on (lie other bar. In the two-anode bus bar 

setup shown diagrammatically in 
Fig. (3, the three voltages 1^„, 
and must b(i maintained 

within empirically determined 
ranges. This method of sing.l|‘ 
metal anodes is being used suci 
(‘.essfully but reejuires more exiictA 
ing control than that of alloy\ 
anodes, when tln^y are usable 
Figure 7 shows individual cad- 
mium and silver anodes that were 
partially consunu'd in a i-wo-aiiod(‘ 
system for dt'positing Ag-('d alloy. 
At point A on cadmium anod(‘ No, 

1 is a dark film whicdi indicat(‘s 
that the cadmium anode current 
density was slightly loo high, but 
was workable without chemical 
displacement of silver on it. 

Tlie idea of using individual 
anode control in alloy deposition 
IS not entirely of reiumt origin.^'' 
However, successful jiilot plant 
Fig. 7. Phomgrapli of anodes that and commercial plant operation is 
were used in a plating cell arranged V(‘iy recent.'^^’’**^^' 

iiccording to Fig. 6. No. J is a cad- M(‘clianie.al-mixture-tyi)e alloy 

mium anode after some use; 2 is an i /, t • m- i 

, , . . n ■ -1 anodes (type I m Fig. 4) liavi^ 

unused cadmium anode; 3 is a silver , / . . 

nnodc' after use deposition of Ag-Ph 

alloys, with plate reproduction 
over long periods of operation. Figure 8 shows the uniform dissolu- 
tion of 3.8% Pb + 9f).27c Ag anodes. In this case, an anode addition 
agent, i.e., sodium tartrate, aided the dissolution. It also assisted the 
deposition control. This illustrates a possible alternative to using indi- 
vidual soluble anodes, which is to use an anode addition agent when 
alloy anodes give trouble. Compounds that aid single-anode dissolu- 
tion should be tried first to aid the alloy anode process. 
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The Ag-1^1) alloy juiocle.s of Fii^. 8 con.sisled of two phases, a silver- 
rich solid solution and jnire lead which segrep;ated at the grain bound 


aries as shown by Fig. 9. This 
lead segregation causes intergran- 
ular weakness that a])pears to be 
characterislic of the thermally 
jn-epared alloy and is responsible 
for poor bonding when the alloy 
is cast on steel. It is api^arent 
from Fig. 10 that the plated alloy 
from a bath using the anodes of 
■Figs. 8 and 9 shows no lead segre- 
gation before or after anm^aliiig, 
whicli, liowever, caused recrysi.al- 
lization of the as-plaled struc- 
ture.-'^ 

Brass anodes (Oi-Zn alloy of 
ty])e V 111 Fig. 4 ) are used in baths 
depositing a brass of comiiosition 
mainlaiiu'd within close limits,'^''’’ 
Jn d(;corative brass iilating, alloy 
anodes are widely use.d with ])roc- 
ess control designed to iwoduce a 
certain plate color. 

In oxalate Chi-Zii plating solu- 
tions, neithei’ alloy anodes nor sej)- 
arate anodes maintained a steady 
copj)(ir concentration in the bath. 
A cyclic variation in jilate cum- 
position resulted. In cyanide 
batlis, individual copper and zinc 
anodes were first attacked in pro- 
portion lo their exjiosed areas. By 
suitable' choice of area ratio (actu- 
ally, anode current density adjust- 
ment), the proiiortion of zinc and 
copper can be easily controlled 
during long periods of electrolysis. 

Bronze anodes (type V, 
Fig. 4) containing 90% Cu -|- 10% 
Sn were found to dissolve unsatis- 



Fig. 8. 3 8% PI) + 96 2% Ag anodes 
aftcjr ai)i)reciiiblc nsr in alloy jjJatinK 
Lalli, giving I’eprodiioihlr rosults fur 
doi)ositing alloys of tlio same coin- 
]>OHition. 
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fiict-oi’jly in oxalnD^ hatJis and to givo a yliinc rich in tin. In cyanide 
baths, tlie bronze' anodes dissolved cleanly and bri^ 2 ;htly, so that easy 
control of Chi-Sii concentration has been maintained in cyanide-stan- 
nate baths by bronze anodes (])i‘o])erly “filmed”) during long periods 
of dei)osiiion The anodes (‘an be ojieraled at 907^^ current efficiency, 
which deiiends on curreuit dcaisity as shown by Fig 11. 

Se])arate anodes of tin and cojipi^r wowe used in oxalate bronze plat- 
ing batJis with individual current control for ea(‘h anode bus.^' If the 



Fij’. 9 Striiclui’c of tlic A^-Pb alloy aiiodrs of Pij; 8 Li'ad scgicgalion along 
the grjiin boiindanos is shown. Thcro is sonic h'ad pi‘cs(‘nt as dendritic traces in 
the sihcr giains. (From Rcforeinjc 30.) 

tin anode (uirrent density was too low, co])i)er deposiU'd on the tin 
anode. In a cyanide-st annate bath using se^iarate anodes, tin plated 
on the coi)per anodes if opc'rating conditions were incorrect. High tin 
anode current density was required in order to dissolve tin in the 
j)r()})er valence state, as in the case of stannate tin baths. 

Plate comiiositions were reproduccal in long j^eriods of plating. In 
Cu-Sn alloys the intermetallic comjiounds are difficultly soluble, and 
the “speculum” composition is insoluble in operable cyanide-stannate 
])lating baths. For speculum jilating, copper and tin_anodcs are used.'’ 
Intermetallic compounds also are likely to be insoluble as alloy anodes 
in other systems. When such insolubility is encountered, plating with 
]ieriodically interrupted direct current, or with ])eriodic reverse cur- 
rent, or with supcirimjiosed altei-nating current on the direct current 
can cause alloy anoch' dissolution in a manner compatible with alloy 
eleiffrodeposition on the cathode. An anode depolarizing addition 
agent such as a fluoride or chloride can give assistance to the special 
current flow conditions. 
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(A) As-pliil.o(l allo 3 \ Ductile plate 
having a Vickers pyramid liaid- 
ness of 95 to 112. Ilandom load 
distribution. lOOOX- 



(li) Plated alloy, as-anneal(‘d 1 hr 
at 220°O (550‘’F). Tough, duc- 
tile, liaving hardness of 45 Re- 
crvstallization has occurred. 
Lead still randomb^ distributed 
but has not, segregated lOOOX 



((') Platc'd alloy after annealing for 
hr at 220” C (550”F). Shows 
no bond weakness at the steel 
back (lower part of photomi- 
crograph) nor evidence of lead 
segregation as seen in Fig. 9. 

500X- 



Fig. 10 Ag-Pb allo>' deposited from a cyanide-tartrate bath using soluble ,'\g-Pb 
aiiod(\s of Figs. 8 and 9 (From Reference 37.) 
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Many thousand pounds of Ni-Co alloy anodes (type JJ in Fig. 4 ) 
arc consumed in ju’oduction plating of Ni-Co alloys.^ 

The aforementioned references were selected from the few reports 
giving a I'clativcly complete picture of anode operation in alloy plat- 
ing. There aj’e other records which, if taken as a grouj), bring out 
more detail in specific systems. The significant fact is iFat evaluation 
of soluble anode operation must be f)as(‘d on a clear understajuling 
of the alloy itself, its po.ssii)le impurities, and the type of bath. Alloy 
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luniVsn ft was associated with film formation on the anodos. (From lU fercnc.e S4.) 

anodes do not necessarily dissolve completely, or in the same ratio or 
with tlu" same efiiciency that the metals are depositc'd fi’om a given 
bath. 

The third tyfie of anode system, that of insoluble anodes, is used 
successfully in a, few cases but introduces chemical conti’ol piobkaiis. 
Metal replacement can be made only by addition of soluble comjuiunds 
of the metals to the bath. Buildup of undesirable anion concentration 
and change in pVl are difficult to avoid unless oxides or carbonates (in 
acid baths) can be used to re])lace metals. Insoluble anodes are not 
recommended for use with heavy continuous jiroduction. 

A modification of the insohible anode system uses an anode of one 
metal only, the second metal being added a.s a soluble salt. This i)ro- 
cedurc is entirely suitable and is widely used when the second metal 
is relatively small in amount, as in the case of zinc addition to bright 
nickel baths, cobalt addition to Ni-Co baths (low cobalt content), 
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molybdenum to zinc baths, ZnO in brass baths, pjxcopt as governed 
by cos(s, anodic introduction of metal into the bath is preferred. 

BATHS AND FUNCTIONS OF CONSTITUI^NTS 

J^ecaiise many bath compositions are possible, failure in one type in 
no way proves that de])osition of a given alloy is impraclh^al Tlie 
'TUiiiary ion ratio/' 71// < ‘ , is seldom equal to the ''j)rimary salt 

ratio” (primaiy salt laders to the metal salts used to introduce il/i‘’ + 
/‘.iiid nor is the primary ion ratio necessarily ecpial to the ratio 

/of activities, aP’ i /u/ i , of the metal ions in the cathode him. These 
ratios are governed by the tyi)e of solution used. Since only i.\ few 
metals have similar activities in simple salt solutions, alloy plating 
baths arc, for (he most i)art, based on camj)]cx ion formation Avhich 
providt's I'elatively v(‘ry low actual concent r a, t ion of and . 

'J1ie metal ratio in the plate will j)robably differ from the ratio of 
“'metal salts*' in the bat h. 

Alloy i)lating baths are geiuTally of a type for which at» least one 
of the in(‘ta.ls can be de[)osited singly in good form. A few examples 
are: (1) Ni-Co,^- Ni-Zn," and Ni-Fe from sulfate-chloride 

baths; (2) Cu-Zn,^'^ Ag-Pb,“ Ag-(!d,''’ Cu-Sn,‘'^‘‘'"^ and gold alloys 
from cyanide baths; (3) Pb-Sn alloys from lluoborate batlis; (4) 
silver, gold, and ))latinum alloys from complex halide baths.'” 

Promising alloy ])latjng baths are those in wdiioh the metals to be 
(■odc])osited are ijrc'sent in complex ions of different anion comjionent. 
(Common ion (dfecis can then b(‘ seleclive for one or the other of the 
metals individually. Fxam])les of (his tyj)(‘. of bath are those for 
Ag-Pb ' and (hi-Sn alloys. Partial effects of selective com- 

mon ion action ar(^ i ;0 be found in Ou-Zn and Cd-Zn baths. In the 
bath for Ag-Pb, the silver is in a cyanide com])lex The lead is in an 
alkaline tailrate ('omplex and not in a cyanide complex. In the Cu-Sn 
bath, co]ij)er is in a cyanide cojuplex and tin is in a stannate complex. 
Th(U'efore certain comiiourids can Ijc added to these baths to alter the 
ion coiKH'iitration of one ]netal with I’elatively little effect on that 
of the other. Free cyanide cojicentration afIVets silv(;r and coi)per in 
the respective exanqdes wdth i*elatively little elTcct on lead and tin. 
On the other hand, fj'ee cyanide concentration is very important in 
Cu-Zn jdating because it affects both the copper and the zinc; yet in 
this case sodium hydroxide can be added with different result since 
zinc forms a zincate complex, wdiereas copper forms no analogous com- 
plex. A similar state exists for Cd-Zn cyanide baths, where cadmium 



88 


MODERN El.ECTROPl.ATING 


forms only cyanide (•omi)lcx and zinc forms cyanide and zincate com- 
plexes. An empirical knowledge of these relationships can appreci- 
ably reduce the experimental efiort in developing alloy plating baths. 
Information on the ionization constants and ion mobilities is also 
impoiiant. 

No alloy ])latiiig investigation should overlook the possibilities of 
non aqueous organic electrolytes. They offer fi’eedom from electrode- 
I)Ositable hydrogen, and dc]iosition potentials of the metals appear to 
be closer together than in aqueous solutions. Aluminum and its alloys 
are deposited froiri formamide solution; Ni-C^o from triethanolamine 
solution; and aluminum from ethylpyridinium bromide solution.^' 
Such electrolytes have special interest for plating the active metals, 
such as aluminum, magne^sium, beryllium, and manganese, and the 
difficultly depositable metals, chromium, titanium, molybdenum, tung- 
sten, zirconium, and their alloys. 

In genei’al, th(‘ constit\ients of alloy j)latiiig baths can be divided 
according to funcLion: (1) the pj’imary salts which provide the pri- 
mary ions, mid ; (2) other salts, secondary salts, which, 

by mass action effect, influence the ionization of the primary ion source; 
(8) addition agents controlling the form of tlu', plate; (4) buffer com- 
pounds; (5) c-onductivity salts; and (6) salts promoting anode sfolubil- 
ity. Th(* function of each of these constituents in alloy baths is im- 
[lortant as to effect on one deiiositing metal relative to its effect on a 
codejiositing metal. For single-metal deposition, the above factors 
are combined only to achieve suitable jihysical properties of the plate, 
current efficiency, throwing and covering power, and anode solubility. 
Alloy dejiosition makes the same demands, to which arc added uniform 
plate composition and dissolution of anode systems containing more 
than one metal. Anything unfavorable to the deposition of one of the 
metals is likely to be unfavorable to the de})osition of the alloy, but 
not necessarily so. 

The Pkimary and Secondary Salts in the Bath 

The primary salts determine whether codeposition can be obtained. 
They are largely responsible for the ion activities of the depositing 
metals in the cathode film, since they determine the concentration and 
valence of the ions. Secondary salts arc those of nondepositing metals 
wuth or without a common anion. These salts are necessary to improve 
conductivity or anode solubility or both, and influence the pH, ionic 
strength, and ionic mobilities in the cathode film. 
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Addition Aoents and Buffer Comfofinds in the Bath 

There is no entirely satisfactory flefinitioii of an addition agent.*’® 
Often specific influence is produced by addilion agents of colloidal 
nature as well as by those which arc in true solution. TIuu'e might be 
little, if any, effect on the static electrode potential, but a marked 
effect to make deposition potentials moie lU'gaiivc. As a result, alloy 
plate compositions and deposition efficiencies can be altered and tlui 
nature of soluble anode dissolution changed by addition agents. 

In many cases no clear distinction can be made between ba-th con- 
stituents as to addition agent and bulTcn- functions, sinct‘ many sub- 
stances act in both capacities. Their main function, when projierly 
administered, is to ])roduce sound metallic i)lates of desired physical 
properties under conditions which, without tlu^ addition agent, would 
result in i)owdery, brittle, or in‘cgular d(‘posits. d'hc addition agent 
may be said to alter the limiting current- density of one or both 
metals,* to change the polarization during codei)osition, or to increase 
the current efficiency at the anode or cathode or both. 

An addition agent can also influeiiee the plate composition,"^ 
especially if it forms complex ions with one or both metals. Addition 
agents effectiA^e in single-metal plating baths are likely to be effective 
in alloy plating baths of the same type. 

For many years tartrates (or citraf es) have been added to plating 
))aths for improving anode dissolution and ])rcv(;nting hydrolysis of the 
primary metal salts. Amounts used A^aried u]) to about 6.7 oz/gal. 
Recent work discloses the use of citrate (o]' tartrate) in concentrations 
in exc(\ss of 26.8 oz/gal in tungsten alloy i)lating.-® 

In alloy plating (jne can also think of the second nujtal as an addi- 
tion agent influencing the structure and properties of the other. This 
is the viewpoint taken in the case of bjighi- dei)osits involving two 
metals. 

Anode Addition Salts 

Addition salts, such as alkali chlorides, Rochcdle salts, citrates, pyro- 
phosphates, and fluorides, have the important purpose of promoting 
anode solubility of the metals in the desiied ratio, at the required 
rate, and in the necessary valence form. These secondary salts in- 
crease the limiting curi'cnt density tor sludge-free dissolution. The 
choice of addition salts de}iends on the type of anion, i.e., sulfate, 
fluoride, cyanide, associated with the primary and secondary salts, 

* Usually the liimting current density is determined by the more noble metal. 
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and on the metaJs to be dissolved. Materials effective in single-metal 
anode dissolution are the best first choice for alloy baths. 

THE INFITTENCE OF THE COMMON VARIABLES 
IN ALLOY PLATING 

The independently controllable variables, current density, agitation, 
leuiperature, pH, and concentration of bath constitmaits, influence the 
j-atio in which two or mor(‘ nudals codeposit. They also influence the 
physK^al character of the j)late and the rate of deposition. An api)reci- 
abl(' change in any otk' variable may re(iuii‘e an ai)i)reciable and com-^ 
pcaisatiiig change in another variable or combination of variables in 
order to maintain tlu' givi'ii ratio. No single variable can be discussed 
on the basis of an exacd indepeiuhait efhad, on tlu' jilate composition or 
physical ])]'opc‘i-ti(‘s, y(‘t each variable can be considennl Avith regard 
to its general elTect. Tlu! relative nobility of the metals, as used herein, 
I'efers to the metal of more' jiositive (or less negative) pot-iaiiial as l_)e- 
ing the more nobh' in a. given typi' of el(‘c,t,roplating bath. 

The LKiHOin’ of Cuuufnt Dfnsitv 

An increase in current dcaisity tends to increase the projiortion of 
the h^ss noble metal in the alloy jilale. The extent of cha,ngi‘ is likely 
to be greater in siiujile primary salt solutions than in conijilex jirimary 
salt solutions, and greater when the eode])ositing metals aj*e m complex 
ions with common anion than AAdien the anions of the eomiih.'X ions 
are different. In the latt.(‘r case, when the metals are associated with 
different comiilex ions, an appreciable change in curi'ent densily can 
he permitted with little eliaiige in plate composition.""’ 

The limiting current density for codeiiositioii in eoimmu-eially a(‘- 
eejitable ]ihysi(ail form is likely t-o differ from the limiting current 
density for codejiosition Avithont regard to jihysieal condition. Since 
addition agents influence' the ])hysical projiei'ties of plates, limiting cur- 
rent densities can he altiard by using apjiropriatc jiddition agents. 
Agitation, tempera(un\ pW, and the like also influence’ the eurrc'nt 
demsity e'ffects. If addition agents are useel, their influe'iice e)n the’ i)hite 
eennposition nmst be consielei’ed when judging current density e?flects. 


The Effect of Agitation 

An increase in agitation usually increases the amount of more noble 
metal in the alloy plate, thus tending to offset the effect of an increase 
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ill (’urrent density. Tlu‘ jiriinary ion ratio established at the catliode 
face in a still bath depends on the degree of ionization, the concentra- 
tion of the primary salt or coinph'x ion, the relative ion diffusion ve- 
locities at tlie given temperature, and, for some com] ilex ions, the rate 
of ionization. By mechanically bringing fresh bath to the cathode 
film and dc'creasing the film thickness, agitation ofl'sets the noi’inal 
tendency for more rapid depletion of the more noble metal ions in the 
d(‘])osition zone. 

Th(‘ relative effect of agitation is likely to be less pronounced when 
^the primary metal ions are associated witli compU'x ions rather than 
with sinijile anions, and more ]ironounced when tlie two or more nadals 
ar(' associated with like anions rather than with unlike jinions. 

The Kfef,(’t ok Tempeuature 

An iiRT(‘a,s(‘ in temperature usually tends to increase the proiuntion 
of more noble uielal in Ibe atloy plate, thus having the same effect as 
an increase in agitation and the ojiposile effect to an increase in cur- 
j'Ciit density. Temperatui'e imu’i'ase decreases the polarization, i.e , 
the term P in Eq. (121, of tfi(‘ more noble metal ]‘(‘lataAady more than 
the pohirization of the l(‘ss noble inei,al. Exceptions can be found in 
(‘as(‘s where the lenipia-atnn* effect on tlic degi’oe of ionization and ion 
activity is relatively grc'ater for the less inihlc metal. It is cornadvable 
that temiieratnre eijanges in idtlaM* dirt'ction from an optimum value 
(or narrow opliniiim range) can r(werse th(‘ relative nobility of two 
cod(‘positing inota.s. In siaii easels, an increase in current density or 
in agitation will have i\ different cITcci on jhatc conjjiositions deposited 
lit different tiMiiiieratiires. 


The Effect of /iH 

The iiilliuiiice of ydl lias b(‘(‘n studied to a lessca' extent- than the other 
variables in alloy plating. The pU is generally accepted as a mure im- 
jiortant factor in physical jiroperty coidrul tliaii in plate (aimiiositioii 
control. This is particularly so in brass, Ni-Eo, Ni-Zn, Cu-Sn, Ag-Pb, 
Pb-Sn, and Ag-Cd deposition. 

There liavo been divergent reports on th(‘ effect of pll change on 
jdate composition. The differences observed could be caused by tlie 
unintentional overlooking of the effect of a (diaiige in some other vari- 
able. Further studies arc' needed on the influence of pil on plate com- 
position before a general (rend, if any, can be stated, since changes in 
pli of the catliode film are so closely associated with the other variables. 
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A sjK'cifu; influence for pTT is to be exi)ecte(] in determining the most 
efficacious addition agent, particularly wliere bright alloy plating is the 
goal. 

The Current Efficiency in Alloy Plating 


There are instances on rcM-ord where the codeposition current effi- 
ciency exceeds that of single deposition of one or both metals from 
tlie tyj)e of bath in ciuestion. When this occurs, the current efficiency 
will depend on the alloy (*.om]iosition. For this reason the thickness 
distribution of an alloy i)late might differ from that expected accord- 
ing to the current distribution. ^ 

The electrochemical equivalent weight in grams per am])erc-hour of 
an alloy electTOi)lat(‘ de])()sited at lOO^e current efficiency is given by 
the expression 


W alloy 


W1W2 

/1TF2+/2TF1 


where Wi = ele(‘-trochemical e(iiiivalent weight of one of the metals in 
grams per ampe.re-hour, and TF2 is that of the otlier metal. 
/i and /2 are the weight fractions of the two metals, 
s])ect/ivcly : 

/l +/2 - 1 


Alloy plating has effected codeposition of some metals not deposited 
singly; thus the current efficiency for that metal is raised from zero 
to some significant value.^'^ 


Throwing Power in Alloy Deposition 

In alloy plating, tl no wing power and covering power depend on the 
current distribution and the effect of current density on plate composi- 
tion and current efficiency. Since cairrent dimsity change can alter the 
composition of an alloy ])late, there is a question of uniform plate 
composition associated with throwing powder. Whenever the plate 
composition is critically dejiendent on curi’ent density, the “throwing 
power of composition’' wdll be critical. Fortunately, alloy deposition 
baths can be devcloi)iid in many cases where the current density range 
is wide enough to permit a good throwing power of composition over 
fairly irregular shapes. A knowledge of current density effect on com- 
position and current efficiency wall give a good indication of expected 
throwing power, covering power, and plate composition uniformity 
over a surface for the particular type of bath being used. 
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The Influp:nce of Bath C'Oncentkaiton m Alloy Plating 

The bath coneeiitrations in alloy deposition aie usually similar to 
those for the single deposition of the individual metals from the same 
type of bath. The eoncentration of j)nmary salts and of secondary 
salts determines the concentration and activity of the primary ions 
and, thcrefoi'e, determines the jdate c,omi)().sit,ion, as already pointed 
out. Since the essential conditions foj* alloy ])latinp; are based on ion 
ratios, dilution o]’ concentration of tlu* bath has an effcait only as the 
ion ratios are (‘hanged. A change in ion ratios with dilution or con- 
centration will deiiend on the relative effect on the degree of ionization, 
the primary salt concentration, and diffusion rates. The (piestion of 
limiting concentration and of conductivity of the; bath versus concen- 
ti’ation is the same as for any metal deposition. 

OPERATION OE ALLOY PLATINO BATITS 

Clperating conditions and variables for alloy deposition in the several 
systems which are in large jirodiKdion, or whicii have been extensivedy 
studied in the laboratory, have ranges commercially practical to con- 
trol. The actual operating vahu's ai’e in t]u‘ same economic rangevs as 
those of single-metal plating. 'The essential difference in control and 
reiiroduction in alloy dejiosition is that the o})eralor must have a com- 
plete knowk‘dge of how variations in temjierature, currcuit density, 
agitation, etc., within sp(M;ifi(‘d ranges affect the plate. Also, he must 
have an equally good und('rsta.nding of the anode pro(a\ss. 

BASIS METAL IN ALT.OY DEPOSITION 

S])e(uficatioiis f(jr basis metal j)r(‘paration cover the same pi'ocedun^ 
as us(^xl in single-metal deposition. There is no difference in mecdiani- 
(‘aV''*^ physical, and chemical clcanlim'ss required. In the ease of som(‘ 
metals receiving elect]’oi)lates, an alloy can be deposited more readily 
than one or both of the individual metals. 

The bond and structure of the plate will depend on pretreatment 
of the basis metal — whether the deposit goes on the ‘True” crystal 
structure of the basis metal or on some distorted or brokem-up surface 
layer, such as that ])roduced by polishing, grinding, sand blasting, or 
other cold working. In general, the com})osition of the basis metal 
has no large effect on plate composition. The initial plate on different 
basis metals may vary slightly in comj)osition owing to overvoltage 



94 


MODERN EJ.KCTROPLATING 


(‘ffocis, TliLs dilTereiice will dimiiiiHli as the plate becomes thicker. 
Some cases have been observed where a thin alloy plate on i)latimmi 
consists, for example, of 10% Mi 4- 90 % M^, whereas, on copper, the 
same conditions deposited 9 % Mi + 91 % M 2 - Such a small A^ariation 
would usually have no practical significance on the phase structure 
or chemical projanties of the plate, and would be relatiAady less the 
thicker the alloy jilate. 

There is evidence that alloy dei)osits, because of differences in dep- 
osition potentials, can give compl(d.c (“-overage of all crystal faces by 
the first few alomic laycTs of ])latc“, AAdiereas single metals give '^selec- 
tive’' deposition on some crystal faces only, until appreciable plate 
thickness is reached. 




Brass 

IiH(INAKI) K. Wkw;* and JIaDOLD ,1. WlUSNUItl 


Bj'iihs plainly, i.s employed priiiuirily lor one of two purposes: (J) 
1,0 inaleh the iii)i)eiu'aiie,e of solid brass or bronze, or (2) to obtain 
adlii'sioii of niblx'r to metal. 

'Phe, early baths em])loyed for decorative jmrposes have been de- 
senbeil by Uennett.' Ferf>uson and Sturdevant- have studied the 
elTeets of varying plating conditions on cathode and anode i)otentials 
and effic.i('nc,ies and on the composition of the (lci)osit. Ilogaboom has 
investigated the ell'eci of sodium carbonate® and the effect of ;dl 
changes.^ Pan has studied tlu! nature of the metallic cyanide com- 
plexes. Iliere are several J’efereucies on the effect of ammonia in a 
brass bath “ " and on methods of analysis for it. Heiman '® and 
Hc'iman and Clotton " have studied methods for determining free 
cyanide and ammonia. Blum and Ilogaboom devote a section of 
(.heir book to the subject of bra.ss phitijig. Coats’® and Kronsbein 
and Smart " describe brass plaling for rubber adhe,sion. Other pa])ers 
relate factors governing the degree of adhesion’®-’'’ and the nature 
of th(‘ rubber to bi'ass bond.’"’'-'" A rather compi’chensive pajier by 
Coats covers the general subject of brass i)lating. During the World 
War 11 period, brass ])laiing was employed extensively on steel shell 
cases,’’ 

Clarke and co-work('rs '' patented the use of an organic amine as 
a substitute for ammonia. There* is a propriet.ary high .speed brass 
bath.'®® 0])linger®'''” re])orts a "white” brass solution- for depe)siting 
an alloy of 'IWo Cu and T2% Zn. A method of obtaining a bright 
brass finish on any basis metal is described by Beyer.®’’’ 

Much interest has been shown recently in “white” brass deposits, 
originally reported by Oplinger.®" Saltonstall concluded that a 
bright white brass dei)osit is an inferior substit\ite rather than a satis- 

* National Lock Coiiipauy, Rockford, 111. 

t B('ndix Products Division, Rendix Aviation Corporation, South Bend, Ind. 
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factory alternate for a bright nickel deposit. How^ever, for certain 
mild exposures there are a number of applications, such as toys, tubu- 
lar furniture,*^*^ tools, novelties, interior automotive hardware and 
trim,'*'^ and picture frames, in which white brass jdating gives adequate 
protection, particularly when coated with a lacq\ier. 

Periodic, reversal of current (PR plating) is being a})plied in pro- 
duction brass electroplating to improve smootinu\ss and phde distribu- 
tion. Some increase in brightness has also been obtained. 


PRINCIPLES 

Although brass may be dej)Osited from other types of solutions,"*''"^ 
])resent commercial baths are cyanide solutions. The composition 
and operating (conditions may i)e varied over wide ranges to give de- 
])osits of alniosl. any co])i)(;r:zinc ratio, (luuiges in such factors as the 
copper: zinc ratio in the electrolyte, pH, temperature, and current 
density markedly alt'ect the composition of the deposit, and usually 
tliesc factors must be controlled within fairly narrow limits. Anoch; 
composition also is important, since, for any givim solution, an anochc 
alloy must be chosen that will maintain (he proi)er ratio of copper and 
zinc ions in the bath, 

Eor d(ccorativc purposes, the composition of the dei)osit is secondary 
(o the color obiained, P(a'guson and Sturdevant “ observed that tlie 
eoi)per : zinc ratios in the twenty brass solutions recommended in tbo 
literaiui’e and compiled by Bennett^ varied from 10:80 to 10:1. Al- 
tliougli all ap]')are ,t]y gave a yellow^ brass deposit, the composition of 
the deposit varied as nundi as (he metal ratio in the electrolytes. The 
effect of ammonia in producing a yellow color is very proncmiiced and 
will be discussed later. 

For the most ]3art, brass solutions arc compounded to give a deposit 
with a coppei‘:zinc ratio of 70:30 to 80:20. In baths which produce 
deposits within the above-mentioned range, the metal ratios ((h]:Zn) 
of the electrolytes may lie 88:07,^'^'' 60:40,“^ 75:25,^'^ 80:20,*'^ or even 
95:5.“'* Graham has investigated the plating of high co])pcr-zinc 
alloys. 

The comjiosition of brass apjilied to steel for rubber bonding is 
critical. The copper content must be between 72 and 78% if the rubber 
compositions employed are ordinary stocks and do not include ultra 
accelerators such as zinc dithiocarbamate.^** Additional qualities of 
the brass deposit are also required."*^ The total of impurities in the 
deposit should not exceed 2%, and there should be no more than a trace 
of any one of them. The deposit sliould also be free from subslances 
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arising from mechanical codeposition of ammonia-ferrocyanide com- 
plexes. These complexes have been identified by electron diffraction 
])atterns.^® 

The minimum thickness of deposit recommended by Zentler-Gordon 
and Roberts for rubber adhesion is 0.0001 in. However, Coats 
gives a much lower value (0.00002 in.). 


BATH COMPOSITION AND FUNCTIONS 
OF THE CONSTITUENTS 

The initial compositions of some of the baths which have been re- 
ported in the literature are given in Table 1. 


Table L Brass Platino Baths 



19H8 
(Pan «’) 

1941 

(Couth 21) 

1944 

(Kron.sbcm and Snifiit^"*) 

1947 

(Hogabooin, .J 
and Hall an) 


oz/gal g/I 

oz/gal g/1 

oz/gal 

R/1 

oz/gal 

g/1 

CJoppiT cyanide, CuCN 

d.l .30 0 

3 5 

20 2 

2.8 

21.0 

4 0 

30.0 

J<j(iuiv-Cii 

2 9 21 9 

2 5 

18 5 

2.0 

15 0 

2.8 

21.0 

Zinc cyanide, Zn(CN )2 

l.G 11. 1 

1 5 

11 3 

7 2 53 8 

J 25# 9.4 

Equiv-Zii 

0 83 6.2 

0 83 

0 .3 

4 0 

30.0 

0 7 5 25 

Cu . Zn ratio 

3 .5 3 ,5 

2 9 

2.9 

0.5 

0.5 

4.0 

1.0 

Total aodiuin cyanide 

6 0 51.. 3 

6 0 

45 0 

9.5 10.2 71.8-75 8 

7.5 

56 3 

Flee aodiiim cyanide * 

1 1 8.2 

1.0 

7.5 

0.54-1 1 

4. 0-8.0 

2.0 

15.0 

Sodium carbonate 

4 2 31 5 

None added 

2.7 

20 0 

4.0 

30 0 

AinmouiUTn hydi oxide, 
sp. gr. 0.9 

0.2-1 5 

None added 

None added j 

pnit/lOO 

gal 

pH 

Not given 

10.3-11.0 

12.6 12.8 

Not given 

Temp., °C 

21-22 

27-35 

55-60 

24 38 

Temp., “F 

70-72 

81-95 

131-140 

75-100 

Cathode c.d., aiiip/aq ft 

2-20 

9.3 

20 

3-5 

% Cu in aiiodcK 

85 

75 

70 

80 


* Sodium cyanide iii excess of that lequiiod to form NanCuCCNla and NavZn(CN) 4 . 


Copper and zinc cyanides are present for the purpose of supplying 
metallic ions in solution. Since these salts are practically insoluble 
in water, they must be dissolved in sodium or potassium cyanide solu- 
tions. The earlier baths described by Bennett ^ employed such com- 
pounds of copper and zinc as the carbonate, hydroxide, sulfate, and 
acetate. These were mixed with water, and potassium cyanide was 
added until a clear solution was obtained. Such practice is dangerous 
because of the evolution of cyanogen. Furthermore, objectionable 
anions may be introduced. In modem practice, cuprous cyanide and 
zinc cyanide are commonly used. 
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Brass cannot be olectrodeposiled coinniercially from the simple salts 
of the two metals since their ])oteiilials are too far ii\vdH. The addi- 
tion of sodium cyanide (or potassium cyanide) to a solution containing 
copi)er and zinc ions causes the potentials of both metals to become 
more negative. However, the potential of the copper ion (with re- 
spect to a standard electrode) becomes negative to a greater degree 
than does that of zinc. One function of the sodium cyanide, then, is 
to bring the deposition potentials of the copper and zinc ions together, 
thus making Cu;Zn alloy deposition possible'. 

Sodium cyanide serves to form water-soluble complexes with the. 
copper cyanide and zinc cyanide. Most authors regard the sodium 
cyanide in excess of the theoretical amounts requirt'd to form the 
complexes NaoCufCN).-, and Na^ZntCNli as free sodium cyanide. 
Table 1 shows that the free cyanide values range finm 0.54 to 2.0 
oz/gal. The free cyanide is necessary to maintain good anode corro- 
sion, to improve conductivity, and to i)revent blistering of the brass 
deposits. Clarke et ah,® using Pan’s bath,‘* found that 0.07 oz/gal 
was sufficient to prevent blistering. Tn general, as the free cyanide is 
increased, the cathode efficienc}^ decreases. Tlune is also a decrease 
in the copper content of the deposit. 

Sodium carbonate may be added to brass l)atlis to i)rovide buffei' 
action at a of about 10.3 (colorimetric). It has little effect upon 
the conductivity of the bath. Tn baths used for ])lating brass for rub- 
ber adhesion, the carbonate is not always added. Sodium hydroxide 
may be added in small amounts to raise the 7 >li of the bfith. The 
OH"" ion has little effect on the dissolution of the anodes, but it is 
important in decreasing the resistance of the l)alh and in controlling 
the zinc ion concentration, with a resulting int'.rease in the zinc ratio 
of the deposit."^ 

Ammonia or ammonium salts are sometimes added to brass baths to 
improve the color of the dei)Osit, })articularly in decorative plating. 
The effect of relativcdy small amounts (0.2-1. 5 g/1) in correciting off- 
color deposits is remarkable. The exa<‘.t mcclianism by which the 
ammonia accomi)lishes this result is not entij*ely agreed upon.*^-’^ 
However, several authors have noted an increiise in the zinc con- 
tent of the deposit with an increase m ammonia (Content. A slight 
increase in cathode efficiency accomjianies such additions. 

Kronsbein and Smart, in operating their bath at elevated tempera- 
tures (55° to 60°C), found that the ammonia content (due to decom- 
position of sodium cyanide) reached a stable concentration of about 
0.4 g/1, and no additions were required. 
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Clarke and Bradshaw found monoethanol amine a satisfactory 
substitute for ammonia in a batli operated at elevated temperatures. 
The relatively low volatility of this orj^anic amine under these condi- 
tions was considered advantageous. A concentration of 1.3 oz/gal of 
monoethanolamine gave results similar to those obtained with 0.13 
oz/gal of ammonia. The related compounds, di- and triethanolamine, 
were ineffective. 

The use of other addition agents in brass baths to control the color 
and to give smooth deposits is described by Coats. Arsenic, in 
the form of arsenous oxide (AS2O3) may be dissolved in sodium hyj- 
droxide and added in small quantities. When dei)osits are red from 
a high copper content, the addition of about 0.001 oz/gal of arsenicA 
will correct this condition. An excess of arsenic is to be avoided, since! 
large additions cause the dejmsit to luwe a “pasty-white^^ appearance. 
Nickel in a brass bath behaves similarly to arsenic, and phenol (0.-1 
oz/gal) is sometimes added to decrease the zinc content of the deposit. 

Weiner discloses a bath containing zinc, cop])er, and alkali metal 
cyanides, a polyvinyl compound, and a thiocyanate (0.05-40 g/1) of 
one of the metals of the eighth group of the periodic system ami 0.1 (0 
5.0 g/1 of gelatin. Another patent covers the use of ketone-alde- 
hyde i)olymerization products in ixdiissium cyanide baths for .the ekav 
trodeposition of bright layers of brass, copper, zinc, and cadmium. 
Si-abrovskii " ' ein]doys sodium oxalate (3.5 oz/gal) and gelatin as 
addition agents. 

BATH OPERATION 
Current Density 

Much brass plating is done at relatively low cathode current densi- 
ties, about 5 amp/sq ft. There has been a definite trend to develop 
baths employing higher cathode current densities, uj) iu 50 
amp/sq ft. Anode current densities are kept at a low value, about 5 
amp/sq ft. 

Tlie rejiorted effects of increasing the cathodic current density on the 
com])osition of the deiiosit vary with different workers, (k)ats,^-^ 
Pan,^’ and Clarke ^ state that the percentage of copper in the deposit is 
increased with an increase in cathode current density, whereas Fergu- 
son and Sturdevant,^ Blum and Hogaboom,^- and Hogaboom, Jr.,^** 
have reiiorted the opposite effect. This apiiarent discrepancy can be 
exi)lained when one realizes that the relative nobility of copper and 
zinc in cyanide brass ])lating baths is not fixed but varies with the 
conditions of deposition. 
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J^ATH Temperature 

The bath teiiiperatuvc may bo varied to produce the desired com- 
position or color of the deposit. Increasing the temperature 2.8‘^C 
may lead to a 3% decrease^ in tlie zinc cuidcnb of the deposit. There- 
fore ac(nuate lirass plating requires close temperature control, ])refer- 
ably of the order of ±0.5°C. Increasing the l)ath iemi)eratur(^ in- 
creases th(‘ cathode efficiency and i)ermits the use of higher current 
densities with attendant imu-ease in the late of deposititim Many 
brass l)Hths are opcirated at “room temiKTatiires,” some at 27'' to 35 'H", 
and some at 50 "C. 


pll J\AN(JE 

Brass may be plated at valiu's in the range from 8 to 13 (coloi'i- 
metric values). Hogalyoom ^ studied the (‘ffe(‘t of pll in the range 8.2 
to 13 on composition of deposit and on (‘.athode and anode efficiencies. 
Several iiidicatons are available for dcd-einiination of pH within this 
range, such as Alizai'ine Yellow (pH 9.5 to 11.5) and Tropaeolin 

(.) (pH 11.2 to 12.8). 

The electrometric method for pll conti’ol, using the high alkaline, 
Beckman type-E glass electrode and pH m(d.(‘r, has been found satis- 
factory l)y Gra 3 ^'‘^ The glass electrode method is not subject to (Trors 
because of difference in eye sensitivity, and the pH values obtained are 
not affected ly many materials i)resent/ in ])lating baths, such as col- 
loidal substances, di solved organic conii)oun(ls, and oxidizing and re- 
ducing agents. The glass electrode hi a bra-ss solution having a pH 
of about 12 gives readings ajipi’oximately 0.4 pH unit lower than 
tlmse found by colorimetric methods. pH ])!i])ers were found to agree 
closely with the glass electrode readings, and they can be reccjininended. 

Increasing tlie pH increases the percentage of zinc in th(i deposits. 
If the plater is troubled with a “high-co])per-]'e(l” de])osit, he may 
obtain the desired yellow brass color by increasing the pH by adding 
caustic soda or ammonia (Either high coi)})er or high zinc will cause 
a red deposit, and it is not possible to t(41 from the color which it is.) 
Ammonia will eleval-e the pll only when it is quite low; thus, at a 
})ath pH of 11.5 or above, ammonia will not raise the pH If the 
trouble is a “high-zinc-red"’ dei)osit, sodium bicarbonate will correct 
it. Some platers employ other weak acid salts such as sodium bisul- 
fite, or weak acids such as boric acid. Tliese are not safe to use be- 
cause they may cwolve ])oisonous hydrocyanic acid (HCN) gas from 
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the bath. If used, they sliould be dissolved in water first and intro- 
duced cautiously into the bottom of the tank through a glass tube. 


Current Efficiency 

The cathode efficiency is comparatively low (75%) in most brass 
baths, and, depending upon the conditions of operation, it may vary 
over wide limits (55 to 95%). Cathode efficiency may be increased 
by: reducing the free cyanide to the minimum value consistent with 
good anode corrosion; maintaining a high metal concentration; raid- 
ing the bath tem])eraturc; decreasing the (“urrent density; decreasing 
tJie pH; adding aisenic, citrates, or tartrates; and by thoroughly 
cleaning the work.^'^ The higher the percentage of copper in the de\ 
posit, the grcatci‘ will be the weight of brass deposited with a given\ 
number of ampei-e-minutes. This results from co])per being monova- \ 
lent and zinc being bivalent in cyanide solutions. 

Anode efficiency may be inen^ased by keejiing the current density 
low (5 amp/sq ft); using agitation; heating the solution; increasing 
tlie free cyanide; decreasing the total mei.al content; increasing the 
percentage of copj)er in the anodes; reducing anode impurities such as 
till, nickel, and arsenic; minimizing the concentration of bath imi)uri- j 
ties such as sodium fcrrocyanidc, silicates, and chlorides; and main- 
taining the concentration of sodium carbonate below 10 oz/gal. 

When the above recommendations are followed, anode efficiencies of 
95% may be obtained. Under these conditions and when anodes of the 
proper comiiosition are used, little or no additions of co])per and zinc 
cyanide are necessary. A white film on the anodes is generally zinc 
cyanide, and it indicates that the free sodium cyanide content is too 
low. In baths containing arsenic, a steel-gray film which dissolves 
when the current is tumed on is usually elemental arsenic. Arsenic 
can be removed by immersion deposition on sheet copper. A brown- 
to-black, non-conducting film which does not disappear when the 
current is turned on is generally lead. A loosely adherent, dark, con- 
ducting film is cui)ric oxide and does no harm. Tin in the bath will 
polarize anodes with the formation of a white film, and will darken 
the brass deposit. Tin can be removed by adding calcium chloride, 
which precipitates calcium stannatc. 

Throwing Power 

The throwing power of brass cyanide solutions is high. However, in 
remote areas of the article being plated and in recesses, the brass dc- 
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posit may be pink owinj;- to a liigli zinc coiiteiiL. As an example, a steel 
stamping about the size and sliape of a large lea cup, was found to be 
plated with red brass containing 4r)9h Zn on the inside, while on the 
outside the plate was yellow brass conlaining 307^ Zn. Also, the 
brass layer was thinner on the inside of the eii]) than on the outside. 

The throwing power is improved by increasing the free cyanide; by 
increasing the distance or spacing between cathode and anode; by 
using a still rather than an agitated batli, a low total metal content, a 
high current density, and a low pH; .and by decreasing c,ertain impuri- 
ties in the bath. 


An()J)ES 


The use of brass anodes (d‘ the same Cu:Zn ratio as that desired 
in the deposit is ixicommended. Anodes with ihe following iM!r(‘>entag(‘s 
of zinc have been successfully cin])loyed: 20, 25, 30, and 35. 

The use of separate zinc and copp(‘r anodes is not recommended, 
because coi)per deposits on the zinc, and maintenance of the correct 
Cu : Zn ratio in the bath is not practicable. 

Ill plating units where adequate space is available and th(i anodic 
current density may be held at 5 amp/sq ft or less, cast anodes may be 
used. ]n oilier units such as some automatic and barrel plating tanks, 
cold-worked (cold-rolled) anodes are recommended because they will 
corrode faster than anodes which have not been cold-worked. 

The following specification may be used for brass anodes: 


Per Cent 
C()ppei“ 75 it 2 

Zinc; 25 i 2 

Nickel 0.005 max. 

Arsenic 0.005 max. 


P(ir Cent 
Till 0.005 jiiax. 

Antimony 0.005 max. 
Lead 0.005 max. 

Iron 0.010 niax. 


Similar specifications with regard to impurities may be us(‘d for the 
metal cyanides. AVlien the current is off, brass anodes do not corrode 
rapidly enough in the bath to cause trouble Anions to induce anodic 
dissolution are not necessary. 


PREPARATION OF THE BASTS METATv 

Preparation of steel for brass plating follows the usual practice for 
cyanide baths. If the pai’t is to be plated for rubber adhesion, no buff- 
ing is required. Grease may be removed in alkaline solutions or by 
vapor degreasing. Pickling will remove scale, and an “over pickle” is 
recommend. The carbon smut may be removed by anodic treatment 
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in cold 50% sulfuric cO-cid, by a reversing; cyanide strip, or by tumbling; 
in warm cyanide solution. Brass plate will tarnish if left too long in 
water that is too hot. The plated work should be quickly dried and 
stored in a dry place to prevent tarnish. It may be lacjqiiered to pro- 
long the time before corrosion occurs. 

It is difficult to plate bi’ass direcily on gray and malleable cast iron, 
aluminum, and stainless steel. A cadmium strike on gray and malle- 
able cast iron is recommended. Brass has been plated dh'ectly on 
aluminum and its alloys; it can also be deposited, but with less sat- 
isfactory results, over a nickel undercoat. By si)ecial hydrochlorpc 
acid depassivatioii, stainless steel can be brass i)lated, but not veiw 
satisfa(!torily. Zinc die castings require an entirely different cleaning 
than steel. \ 

Copper strikers make it impossible to determine the Cu:Zn ratio in\ 
the deposited brass and hence must not be used if the deposit is to be 
analyzed. 

The first brass film deposited on steel is high in ziiic.^'^ f]ach suc- 
ceeding layer of bj’ass deposited contains less zinc until a thickness of 
about 0.00013 in. (3.3 /x) is reached. 

Capillary spacers, such as are found in hi)) welds, wire cable, and 
j)orous castings, will tj’ap cyanide solution from the plating* bath and 
cause ^‘cyanide spots’’ (‘^spotting out”). Entrapixul cyanide can be 
eliminated, but the operation is tedious and costly. It is (dieapor not 
to plate such work. Castings can be made sound and assembly de- 
signs can be so made as to eliminatt‘ capillary s])aces. In (tables the 
individual wires should be plated before stranding. Alteniate dij^iDing 
in cold and hot water and centrifuging and washing in alcohol help 
somewhat in overcoming cyanide s])ots. 

MAINTENANCE AND CONTROL 

If the article to be plated is properly cleaned and the brass anodes 
are of proper j)urity, very little filtration of the bath is required. If 
copper and zinc cyanide additions are required, they should be dis- 
solved and the solutions filtered before being added to the bath. If 
time and an extra steel tank are available, settling followed by decant- 
ing may be substituted for the filtering. Otherwise a plate and frame 
filter press, with the cloth coated with “filter aid” (infusorial earth) or 
with activated carbon, can be used to clarify the cyanide solutions be- 
fore they are added to the bath. Continuous filtration is not necessary. 
Any white, milky ))recipitate should not be filtered off, since it is usu- 
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ally zinc cyanide and may be redissolved by adding a little sodium 
cyanide, heating, and agitating the bath. 

The plating solution sliould be pumped out at intervals and the tank 
thoroughly cleaned to remove all foreign matter. At such a time the 
tank and the steel heating and cooling coils should be examined foi' 
grounds and leaks. 

The tank, valves, filter yuess, and all parts tJial come into contact 
with the brass plating solution should Ik*, made of ferj’ous mc*tal (steel, 
gray or malleable cast iron) and not of copper alloys, brass, or bronze. 
The tank is i)referably lined with rubber in order to eliminate slow 
accumulation of sodium fcrrocyanide, an undesirable imjmrity. 

New baths oi)erate better after a jKuiod of electj'olysis. Freezing out 
of sodium caiTomite has becm found unnecessary for bi’ass baths tliai. 
have bei'n opeiat(!d continuously for over fjft(‘en years If tJie pH of 
tiie bath is held low, the solution drag-out and water drag-in will kee]) 
the carl)onate below the concentration that causes trouble, which is 
usually 10 to 15 oz/gal. 

Small, frequent additions of sodium cyanide arc recomiiKaKh'd- - 
about 5 lb for every 1000 s(i ft plated. The only other additions recoin- 
juended are those lUicessary to maintain the pH within the desired 
range. When necessary, the pH may ))e increased with sodium hy- 
droxide or decreased with sodium bicarbonate, each of which salts 
should be dissolved in water before being added. It is desira))le to 
warm the bath to speed up the reaction of the sodium bicarbonate. 

Physical Gonthol 

The pll should be measur(*d and adjusted, if m*cessary, every day. 
When brass is deposited for rublier adhesion, a ])latcd sam])le should be 
tested for rubber adhesion each day. The specific gravity of the bath 
may be taken with a hydrometei’ to detect undm* dilution. 

The throwing power may be tested with a steel block containing ten 
holes, 0.5 in. in diameter and varying in depth from 0.15 to 1.50 in. 
'The deepest hole that, is covered on the bottom is a measure of the 
throwing ])ower. The depth of this hole is usually about 1.35 in. 


Testing of Deposits 

The thickness of brass yilate may be determined as described below 
under ''Analytical Methods,” or it may be aiiproximated on ferrous 
metal by a spot-test solution consisting of 1% sulfuric acid and 1% 
potassium ferrocyanide. A drop is placed on the brass plate with a 
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Htirriiig rod. The iiimi})er of secoiidH required for the spot to turn 
blue is a, rough measure of the thickness. Brass plate of 0.00002 in. 
(0.5 /a) thickn(‘,ss will turn blue in about 10 sec at I'oom temperatui'e 
(20" CO 25 "C), 

No thiekn(\sses for decorative plate have been I'eeonimendcd by the 
American EltH'broplaters’ Society or l)y the Ameri(‘-an Society for Test- 
ing Materials, but the general range is from 0.001 to 0.0005 in.; 0.00002 
in. is near the minimum required for rubber adhesion. 

The (‘xj^erienced inspector will be able to (h^tect rather quickly any 
change in the color of brass deposits. With a daylight lamp he will 
readily observe pink, white, gray, dull, or thin brass. A thin brass 
coating usually reveals the steel iindeiueath. \ 


Analytical Methods 

The fixHiuency of analysis of the solution and of the deposit is gov- 
erned largely by the purjiose for which the plating is being done and 
the volume of work being processed. In general, where brass ])lating 
is done for mbber bonding, an analysis of the dei)osit once a day is 
recommendcul. 

(k)p])er and zinc det('rminations on the bath should be run once or; 
twice each week. At these intervals the free cyanide may also be 
determiijed or calculated. Ammonia determinations may also be mad(' 
once a week in baths emi)loying ammonia as an addition agent. 

COPPEU 

Several methods for the determination of copi)er in brass jilating 
solutions have been outlined in the literature. Miceli and Mosher'’^ 
deposit brass on a idatinuni gauze from a sample of the bath to which a 
supporting ehadrolyte of ammonium sulfate and ethanolamine has been 
addl'd. The bi'ass deposit and platinum gauze arc then Aveighed, the 
brass is stri])j)Gd in a sulfuric-nitiic acid solution, and the copper is 
dei)osited and weighed. The zinc may then be obtained by difference. 
Recently a i)olarographic method Avas described for the determina- 
tion of copj)er in brass solution and in brass deposits. 

Electrolytic Method jor Copper. 1. To 10 ml of filtered brass solu- 
tion in a 400-ml casserole in the hood, add 10 ml nitric acid (sp. gr. 
1.42) and 5 ml sulfuric acid (sp. gr. 1.84), cover with a triangle and 
watch glass, and carefully evaporate to dryness. 

2. Bake for 20 min, take up in water, make alkaline with ammonia, 
boil, filter off iron hydroxide through a Whatman No. 41 filter paper, 
receiving the filtrate in a 200-inl, tall form beaker, and wash the pre- 
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(dpiiate thoroughly with hot, amiiioniMcal water. Unh'tss tlio iron is to 
be determined, reject the precipitate. 

3. Neutralize the filtrate with 1:1 sulfuric acid, then add 10 ml in 
excess. 

4. Dilute (if necessary) to a volume sufficient to cover the gauze 
lH)rtion of the platinum cathode when the beaker is placed in position 
to electrolyze. (The cathode gauze has an area of 31 sq in.) 

5. Start the stirrer, begin the electrolysis at 0.5 amp until the 
cathode is com]dcteIy covered with a deposit of (‘upper, then increase 
the current to 1 amp. 

0. At the end of 15 min, raise the solution level to sec if any more 
(U)pper plates out on tin; platinum cathode stem. If not, stof) the 
stirring and, with the current on, wash the deposit while lowei-ing 
the beaker, receiving the wash water in the beaker. 

7. Wash the deposit with water, then with alcohol, dry in oven at 
105°C for 3 min. 

8. Cool and weigh, strip the deposit in hot 25% nitric a(*id, wash 
and dry it as before, then cool and weigh it. 

The weight of deposited copper times 18.82 ecpials ounces per gallon 
of copper cyanide (CuCN). 

Volumetric Method for Copper, 1. Pipette a 10-ml sample into a 
250-ml Erlemneyer flask. 

2. Add 5 ml of concemtrated sulfuric acid (sp. gr. 1.84) and % ml of 
concentrated nitric acid (sp. gr. 1.42) from a lO-ml graduate while 
shaking under a hood. (This operation must be carried out under a 
well-ventilated hood because ])oisonous hydrogen cyanide fumes are 
evolved.) Boil until dense white sulfur trioxide (SO.O fumes are 
given off. 

3. Cool and add 100 ml of distilled water. 

4. Add concentrated ammonium hydroxide (sp. gr. 0.902) until the 
solution is colored a dark l)lue, and boil for 15 min. 

5. Add 10 ml of 30% acetic acid (HCjHitOo) solution. The solution 
.should be colored light blue. 

6. Cool to room temperature, add 25 ml of 20% potassium iodide 
(KI) solution, and shake. 

7. Titrate with standard sodium thiosulfate (NaiiS20;rf)n20) solu- 
tion until the brown color begins to turn yellow. 

8. Add 2 ml of 1% starch solution, prepared by making paste of 1 g 
of starch with very little water and adding it to 100 ml of boiling water, 
and continue titrating until the blue color disappears for about 1 min. 

The thiosulfate is standardized as follows: Dissolve 25 g of Na 2 S 203 * 
5 H 2 O in 1 1 of water. AVeigli out 0.20 g of pure copper wire nnd 
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dissolve in 1 : 1 nitric acid. Add 5 ml of concentrated sulfuric acid (sp. 
gr. 1.84) and boil until sulfur trioxide fumes are evolved. Cool, add 
too ml of distilled water, and add ammonium hydroxide until the solu- 
tion turns a deep blue color. Add 30% acetic acid solution until the 
color changes to a light blue or bluish green. Cool, add 25 ml of 20% 
j)oiassium iodide solution, shake, and titrate with the thiosulfate solu- 
lion as in 7 and 8 above.*. 

The metallic copper (Cu), in ounces per gallon, equals (2. 07 -h ml 
thiosulfate required for 0.20 g of copper) times (ml thiosulfate solutiqn 
required for sample of solution). The figures in parentheses repre- 
sent the factor for the standard thiosulfate solution. Ounces per gall(\n 
times 7.5 (^quais grams per liter of copper. 

ZTN(^ CYANIDE 

Volumetric methods for zinc are given by Miceli and Larson and' 
(darke et al.^ The nudhod described by Clarke is applicable only in 
th(^ absence of ferrocyanidc from the plating bath. 

If tlu' electrolytic method for the determination of copper is used, 
the zinc> may then be titrated in the solution remaining: Add 3 droiis 
of dii)lienyl benzidene indicator (1 g dissolved in 100 ml of concen- 
trated sulfuric acid) . Titrate with 0.05 N potassium ferrocyanidc, solu- 
tion wdiich has been standardized against a sami)le of high purity zinc 
oxide. The color (dianges from piirjile to pale green at the endpoint-. 

( Iranis per liter of zinc cyanide equals milliliters of 0.05 N potassium 
ferrocyanidc times tlu^ factor for the standard zinc solution. 

FREE SODIUM CYANIDE 

The analysis of brass baths is complicated by the fact that zinc may 
(^xist in the bath either as the zincate or as the complex zinc cyanide*. 
The jiroportion of the zinc in the zincate is a function of the alkalinity 
of the solution, although no (quantitative ndationship has been estab- 
lished. For this reason it is difficult to analyze directly for free cyanide* 
in brass solutions. If rigid analytical conditions arc set up for any 
giv(*n bath, an empirical value by direct titration will be useful for 
control jmrposes, although it may not represent the true* free cyanide 
content of the solution. 

Pan recommended a direct titration method for free cyanide. 
McNabb and Ileiman,'*" in studying the method, showed that such 
factors as pH and temperature affect the results obtained by this 
method. However, they concluded that, of the methods reported in 
the literature for the analysis of free sodium cyanide in brass plating 
solutions, the method investigated by Pan was the most satisfactory. 
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1 lic^y further state, “'Tiiis method will yield reproducible and useful 
values onl 3 ^ if the limits imposed by the sodium carbonate and am- 
monia concentrations are realized, and if the dilution, temperature, 
and pH are carefully controlled/^ 

Clarke et al.® found that Pan’s method gave vaiiable results accord- 
ing to the pll of the solution. They adoi)ted, in general, the mi^thod 
described by Heiinan and McHabl).'^ This consists, briofl 5 »^, adding 
[in (‘xcess of caustic to a samj)le of Die bath, thus tying nj) the 
zinc as zincate and rele[ising the sodium cyanide ccpiivalent of the 
Nai.Zn(CN) 4 . Tliis cyanide and the fr(‘('. sodium cyanide may then be 
titriited with st[indard, 0.1 N silvei' nitrate solution. The sodium 
cyanide combined as N[i.jCu(CN)h is not [ilTected. The procedmv is as 
follows : 

1. Pipette {I 5-Jnl sample' of the brass solution into a 2r)0-ml Mrlen- 
meyer flask. 

2. Add 20 ml of 20^/r sodium hydroxide solulion, 20 ml ol‘ lO'/i 
])otassium iodide solution, and 40 ml of water 

3. Titrate with stiindard 0.1 N silver nit]‘ate lo the appear[mc(^ of a 
bluish opal(;»scencc. 

The free sodium cyanide is calculated as follows: 

(ml 0.1 A AgNO;j) X l-flb — free NaCN -fNaCN equivalent to the 

Na,Zn(CN)t 

(//[ill this value A. 

Deti'rmine zinc by method outlined above: 

Zinc content (in g/l) X ^hO gives NaC'N eiiuivalent to N;i:iZn ((/N )4 
Call this v[ilue ]i. 

Tree Na(/N (in g/l) is given by A - />. 

The error of this mi'lliod is about 2%. 

Coats recommended determining the total cy[inidc by the distilha- 
tion nudliod, the copjier and zinc by the methofls given above [ind then 
calculating the free cyanide, assuming the comi)lcxcs to be Na:>Cu (CN) 
and Na,Zn(CN) 4 . 

DLS'riLLATlON METHOD FOR TOTAL SODIUM CYANIDE 

Place 25 ml of 10% (by weight) sodium hydroxide in a 400 -iti 1 
beaker; the 400-mm Allihn condenser should be washed with this solu- 
tion; adjust the adapter so that the tip dips below the surface of the 
sodium hydroxide solution. (The tip of the adapter is fire-polished to 
a small opening to reduce the size of the escaping gas bubbles.) Into 
the 500-ml, side-neck distilling flask, introduce 5 ml of filtered plating 
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solution (use rul)ber bulb connected to pipette with a short piece of 
rubber tubing) . By means of a separatory funnel add 200 ml of water 
containing 12.5 ml hydrochloric acid (sp. gr. 1.18). Heat the solution 
until all but about 75 ml has distilled over, disconnect the distilling 
flask, wash the condenser and adapter, receiving the washings in the 
beaker. Add r3 ml of 10% potassium iodide solution to the distillate 
and titrate with 0.1 N silver nitrate solution to the first pennanent 
tu]‘bidity. Ounces per gallon of total sodium cyanide equal milliliters 
of silver nitrate used, times the factor, which in this case is about 0.26. 

The method of standardizing the silver nitrate solution is to make jiip 
a])j)roximately 0.1 N sodium cyanide solution which is carefuily 
clieckcd against exactly 0.1 N silver nitrate solution (using the pureW 
crystals of silver niii’ate and glassware' calibrated by the National 
Bureau of Standards). The silver nitrate solution used for titration 
of the cyanide distilled from the brass solution is then standardized 
against this standard sodium cyanide. 

AMMONIA CONn^PNT 

The determination of ammonia in brass baths has been the subject 
of several i)apers.'^’^‘’'^^ Clarke et al.'^ also outlined a ])rocedure for this 
determination. They all involve distillation of a sample oi the brass' 
solution in the jiresence of an excess of alkali after the cyanides have 
been removed, 

Heiman and McNabb used the residue remaining from the de- 
termination of total cyanide by the distillation method. After cooling 
the flask to room temiierature, 70 ml of 107c sodium hydroxide solu- 
tion was added to the Kjeldahl flask and the ammonia was distilled 
into an Erlenmcyer flask containing 80 ml of 4% boric ac.id solution. 
The receiver was kept in an ice bath, and the distillation was carried 
out for 45 min. The condenser and distributor were rinsed, and the 
ammonia was titrated with 0.1 N HCl solution, methyl red being used 
as an indicator. 

Blow et al.^^ distinguished between ^Trce” ammonia and other non- 
cyanide nitrogen compounds such as urea and cyanates. Methods were 
developed for the separate determination of free ammonia and total 
non-cyanide nitrogen. An accuracy of 0.02 g/1 is claimed for the free 
ammonia determination. These authors claim that the method pro- 
posed by Monaweek gives an ammonia value which is the same as the 
total non-cyanide nitrogen by their method. 

The method of Clarke et al. gives ammonia values close to those of 
BIoav et al. Clarke’s method follows. 
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1. In a well-ventilated hood acidify 25 ml of the bath to litmus with 
acetic acid. Dilute to 100 ml. 

2. Add 10^0 silver nitrate solution with stirring until no further pre- 
cipitation occurs. This preci))itates all the cyanide. If cyanates are 
present in the bath, they arc precipitated by the addition of the silver 
nitrate solution, so no interference is encountcr(‘d, 

3. Filter the liquid into a Kjcldahl flask. 

4. Set up the Kjeldahl flask with condenser and an adaj)ter dipping 
into 50 ml of 0.1 N hydrochloric acid solution. 

5. Add 10 g sodium hydroxide to the Kjeldahl flask, quickly close 
off, and distill off the ammonia. (Ai)proximaiely one-half the volume 
.is distilled over.) 

(). Back titrate^ Lhe hydrochloric acid solution with 0 1 AT sodium 
hydroxide solution, usjiig methyl red as indicator. 

1 ml 0.1 Alia - 0.0017 gNlK 

DETERM I2SI AT] OJVJ OF COPPER-ZINC RATIO IN BRASS DEPOSIT 

Reagents. 

1. Ammonium persulfate solution. 

(NTl4)2S20s crystals 75 g 

NH 4011 (sp. gr. 0.9) 335 ml 

H 2 O ()()5 ml 

2. Sulfuric acid 1:1. 

3. Diphenyl benzidine. 

L.O g diphenyl benzidine in 100 
ml sulfuric acid (sp. gr. = 1.84). 

Keep in dark-colored bot tle. 

4. Potassium ferrocyanide solution 0.05 N. 

K4Fe(CN)G 22.0 g 

K3Fo(C!N)o 0.30 g 

IJ 2 O 1000 ml 

Procedure . R,emove the brass deposit by immersing in cold am- 
monium persulfate solution. (If the samiile has been cut for con- 
venience in stripping, carefully remove any loose burrs or other par- 
ticles of steel, as they will throw out metallic copper in the boiling 
solution.) After the brass has dissolved, remove the steel and wash with 
dilute ammonia water. Transfer to a hot plate and boil to reduce the 
volume at least 50% and to destroy ammonium i)ersulfate. Filter off 
ferric hj^droxide, washing the precipitate and paper thoroughly with 
dilute ammonia water, catching the filtrate in a 200-ml electrolytic 
beaker. Neutralize with 1:1 sulfuric acid and add 10 ml excess. The 
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(■opp(*.r is oi)taiTie(l electrolytically as described above, using platirmin 
electrodes, with a raj)idly rotating anode and with a current of 1.0 
amp. Zinc is determined as described above. 

Standardize the potassium ferrocyanide solution, using high ])urity 
zinc oxide. Ignite about 2 g of zinc oxide in a porcelain crucible for 20 
min and cool in a desiccator. Weigh out aceairately samples of about 
0.2 g, cover with 20 ml of water, and add 6 ml of concentrated sulfuric 
acid. When dissolution is complete, dilute to 200 ml and titrate. 
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Cadmium 

K, (5. SoDliUBEIUJ *■ AND IjHON R. WeSTHHOOIC - f 

Tlie miiin ]Mirj3(ise of cadmium j)laiiiig is to provide a corrosion-pro- 
(cctive coating with an atfj-activc appearance on various basis metals, 
('sj)ecially on iron and steed, but also on coi)pej' and copper-rich alloy) 
and on other metals and alloys. 

On account of the relatively high price of cadmium, it is applied 
largely where thin coatings sufTicc, i.e., on parts which arc used in- 
doors or in sheltered positions outdoors. However, aircraft, marine, 
and milit.ary outdoor uses arc common. 

t’admium ])lating is seldom used as an undercoating lor other metals. 
"I'liin silver coatings arc adsorbed by the cadmium, causing the surface, 
to turn gray. No advantage is seen in using cadmium as an under- 
coating for nickel. Since cadmium covers cast and malleable iron bet- 
ter than 7,inc from a cyanide bath, it finds use as an undcrcoating, 
up to 0.0001 in. thick, for zinc. 

Tlie resistance of cadmium jilate to chemicals is generally quite low. 
Cadmium jilating is often used on jtarts or on assemblies consisting of 
dissimilar metals, such as .steel and brass, to minimize voltaic coiqile 
corrosion. The electrical industry makes use of cadmium plate on steel 
and other metals because it is easily soldered to’ and has low contact 
resistance.-’^ 

Although formulas for cadmium cyanide solutions were published 
as early as 1849,' cadmium plating was not used commercially before 
1915. Mathers and Marble ^ i)ublishe(l the first ciunprehensivc article 
on the subject and included an excellent survey of the early literature. 

Clommercial cadmium jilating received its first impetus through 
the woi'k of lldy in 1919." His solution was jirepared from- cadmium 
hydroxide and contained sodium cadmicyanide and sodium hydroxide 

’'■Chalmers Institute of Technology, Gothenburg, Sweden; formerly with 
Graham, Crowley & Associales, Inc., Jeukinlown, I’a. 

t Consultant, Briar Hill Dr., Solon, Ohio. 
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but no free sodium cyanide. Udy recognized tlie need for baking of 
cadmium-plated, liigh carbon steel parts to eliminate hydrogen embrit- 
tlement. 

Humphries ^ introduced the first brightening agent, a caustic solu- 
tion of wool or other proteins, into cadmium cyanide solutions in 1922. 
Hoff ^ presented a detailed discussion of the pr()i)erties of cadmium 
])late and cadmium ])lating solutions in 1926. 

Subsequent developments liave been confined largely to cyanide so- 
lutions and liave been directed along four m.ajor lines. New brighten- 
ing agents for the cyanide solutions hav(‘ been found which ] 3 rovide 
a wider bright plate range. Increased and more uniform luster is ob- 
tained on recessed articles by the use of bright dips. Detailc‘d studies 
of anode conditions during dissolution luive h'd to new anode d(isigns 
and construction. An understanding of the functions of the bath con- 
stituents and of the effecd of foreign materials in the bath, notably 
metallic impurities and oxidizing agents, has led to improved bath 
formulas and better control of ]dating conditions. Carefully conducted 
exiiosure tests, outdoors and indoors, under controlled conditions have 
confirmed the cathodic protection to steel afforded by cadmium coat- 
ings and have more clearly defined their usefulness. 

The only acid cadmium plating baths of commercial imi)ortance are 
the sulfate baths. They are used foi* the el(T,trowinning of cadmium 
at Gi eat Falls, at Trail, at Risdon, and elsewlKTC.”- Cieneral in- 
formation about the acid sulfate* and otlier acid cadmium solutions 
may be found in several references. Low pli cadmium sulfate 
solutions may be used to proAude vcjy thin but higlily adherent under- 
coatings for heavy coatings from cyanide cadmium baths.^"^ 

Other baths recently proposed include the polyamine (such as ethyl- 
cnediamine) bath^® operated at pH 10 and the fluoborate bath.^^ 

PRINCIPLES 

Almost every jdating bath clniracteristic* of conseciuence is in favor 
of the cyanide cadmium bath: its ability to give* a dense, fine-grained 
deposit which may be made highly lustrous and reflective by the use 
of brighteners that are stable in the bath; high and easily balanced 
anode and cathode efficiencies; excellent covering power and good 
plate distribution on recessed articles. Consequently the cyanide bath 
is used almost exclusively for commercial cadmium plating, and no 
other bath will be discussed here. 
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BATYi COMI^OSITTON AND FUNCmON OF C^ONSTITUENTS 

C/onirnercial cadmium baths (^ousist essentially of sodium cadmi- 
cyanide, sodium cyanide, and sodium hydroxide, plus organic and 
somefimes inorganic addition agents and brighteners.^®’^'^ They are 
usually made by dissolving cadmiuni oxide in sodium cyanide solution, 
wliicli automatically nisults in a bath witli a sodium hydroxide content 
equivalent to the cadmium content. Thus, tor each ounce per gallon 
of cadmium, there is originally })reseTit about 0.094 oz/gal of sodium 
liydroxide. I 

The c.oiiqmsition of the cyiinide complex is not known witli cer-\ 
tainty. Soderberg concludes that, for jiractical imiposes it may be 
Na-C 'd (ON 1 1 and (^insiders the sodium cjuiiiide used in excess of this 
I'ormula to b(' free sodium cyanide, effective in dissolving the anodes. 
A bath may b(‘ operated on the basis of the cadmium metal and the 
free nr total sodium cyanide^ concentrations as determined liy analysis, 
but the fre(^ cyanide <letermination is likely to giAa‘ too high results; 
hence the total cyanide method is more reliable. 

The following formulas cover the typical cadjuiuin jilating baths in 
cuiTcnt use: 

Still J bating Barrel Plating 

()z/ga,l g/l g/1 

CdO ;P-5.2 23-39 2.7 4.5 20-32 

Cd metal 2.5 4.5 19-34 2.3 3.8 17-28 

NaCN li.5 17.5 80 131 8.8-45 00-110 

Addition agents 

As usual in ])lating baths, the (*athode current density range for best 
results widens and moves toward higher current densities as the cad- 
mium cunbait increases. Tin* choice of cadmium concentration de~ 
jxaids largely on the relative value of the investment in tank, solution, 
and floor s])ac(‘, which d(‘creases with increasing metal content, and the 
cost of drag-out, whicii increases with the iiuTal content. Barrel plat- 
ing solutions ordinarily are ojx'rated with rather low cadmium metal 
content, because of the agitation employed, whereas still tank and 
automatic solutions are operated over the whole range indicated in 
the formulas above. Much higher cadmiinn concentrations have 
been used for deposition of heavy coatings, whereas lower concentra- 
tions favor coveiage in very low current density areas. 

The sodium cyanide content is important in that it provides conduc- 
tivity and makes anode coiTosion possible. For these reasons a rela- 
tively constant fi’ce sodium cyanide cont.cnt of 8 and 10 oz/gal is fre- 
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(liumily maintained in still tanks and barrels respectively. In some 
baths the appeai’ance of the i)hiic depends on the ratio between total 
sodiiim cyanide content and cadniiiini metal content [R NaCN/Cd), 
and this ratio is controlled at R ™ d.75 rh 0.4. 

The caustic s(Kla content is usually considered not very critical. Ex- 
cept where there is much dra^-in of picklinp; acid throut>h insufficient 
rinsing, it is maintained automatically by the di(T(‘rence in anode and 
cathode efficiencies. Its prime function is to iu‘o\'i(le conduct iA'ity, 
wliicli is of particular value foj* maximum output of a barrel. How- 
ever, it should not be added much in excess ol‘ wha4 is formed origin- 
ally, sinci' an exc(‘ss causes a Jiarrowing of the bright jdate current 
density range. The effect, of pll of a low metal bath without bright- 
encr and a high metal bath with brightener on i)lating range has been 
determined.-'^ 

The organic bjlghteners iis(‘d in cyanide cadmium plating solutions 
include C()m})l('X nitrogen-containing condensation jwoducts of high 
molecuhir weight,-' pijXTonal with aluminum, and certain sulfonic 
acids.^"'*-' Many oth(‘r sul)stances used as brightencrs have l)oen 
l)atented, most of which arc effective in baths of relatively low concen- 
tration.-^-^" As tlu' bath concentration a.nd cathode current density 
are increased, it becomes progressively more difficult to s(icure smooth 
brighi/ deposits by the use of organic addition agents alone; then 
addition of small amounts of certain metallic salts may be used 
to secure optimum results, Nick(4 and cobalt salts,^'^’’^'' when eni- 
ployed in conjun lion with suitable organic addition agents, j)ermit 
the use of curj’ert densities considerably in ex(‘(‘ss of those obtainable 
with the oi-ganic addition agents alone. Nickel tends to codeposit 
with cadmium to a very slight extent when the bath comj)f)siti()n be- 
comes low in cadmium or sodium hydroxide:, (^obali; is equally as 
effective as nickel, but is reeiuired in largi^r amounts and floes not 
(*odei)Osii. with cadmium und(‘r condilions observed in normal bath 
o])e]*ation. 

OPKRATlNt; (CONDITIONS AND (dlARACTrPKTSTlCS 
ChjRRKXT Density 

The cathode current density range of the cadmium plating bath 
varies widely with the batli coinpfisition, temperature, anel agitation 
and, under commercial conditions, ranges between 5 and amp/sq ft. 
Thus the average effective current density is 15 to 20 amp/sq ft in 
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solutions containing 2.5 oz/gal of cadmium, and 30 to 40 amp/sq ft in 
baths with 5 oz/gal of cadmium. The anode current density under 
commercial plating conditions should be not over 20 amp/sq ft for 
(effective anode corrosion and solution composition maintenance. The 
anode surface used naturally dei)cnds considerably on the required 
plate distribution. 

TKMrERATUKE 

Cadmium jjlating is usually conducted at room temperature. In 
gen(‘j-iil, the bath tem})eratiire should be maintained between 20"" and 
for uniform results, although considerable variation beyond 
i.hese limits can be toUu'ated, j)articularly if suitable changes in bath 
(H)m])(Xsition are made to compensate for them. 

Current Efekienuy 

The cathode ciu'rent eflicienciy varies with bath comi)osition and 
ranges between 85 and 98'/*. Jt is ordinarily between 90 and 95%. 
Cenerally speaking, the efficiency is increased with increased metal 
content, tcmi)erature, juid agitation. Increased (jyanide and brightencr 
concentrations decrease the efficiency somewhat, and increasiid caustic 
soda (H)ni-ent incj’eases it slightly. The carbonate content of the bath 
has no ai)preciable el'fect on cathode current efficiency. 

The anode current efficiency is usually close to 100% unless the 
anodes polarize as a rt'sult of too high current density or too low 
sodium cyanide conc.eidration. 

Throwin(; Power 

The throwing power and the covering power of the cadmium cyanide 
bath are high. The throwing jiower ranges between 40 and 45%, 
based on Haring cell measurements with a distance ratio of 5. A de- 
tailed study of a high metal bath led to the conclusions that at a 
certain average current density throwing power is reduced as the tem- 
perature is raised, that at a given temperature throwing power in- 
creases with increased average current density, and that constant 
throwing power is maintained at ilsing temperature only by increasing 
the current density. High free cyanide and low metal contents favor 
throw. 

The specific resistivity of the cadmium cyanide l)ath is low, approxi- 
mately 5.6 ohm-cm. 
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MAINTENANCE AND CONTROL 

Cadmium plating baths are easy to control under commercial condi- 
tions. Filtration is desirable to remove siisi^cnded matter wliich may 
cause rough deposits. However, the cadmium bath is not so susceptible 
lo formation of rough deposits as, for example, nickel and copi)c*r 
batlis; lieiK'e filtration is not considered necessary in many commercial 
installations. 

Fitted cadmium deposits are seldom encountered. When pitting 
does occur, attention sliould first be directed to perfection of the cF'an- 
ing of tile basis metal. Anodic cleaning has been found jiarticularly 
effective in eliminating pitting. Thallium in very small amounts, 
which may be introduced from the anodes, causes pitting at low cur- 
rent densities. Mild cases are relieved by additions of 0.001 to 0.05 
g/1 of sulfonated castor oil,'**' severe cases by removal of the thallium 
and the sounie of the contamination. 

(Jadmium plating baths are very susceptible to certain metallic im- 
jmrities, which usually cause the plate to become discolored. The 
principal deleterious impurities from which the baths must be pi‘o- 
tected are thallium, lead, antimony, arsenic, tin, and silver.*^ They 
can be removed by treating the baths with fi'eshly precipitated cad- 
mium sponge or zinc dust followed by filtration. Electrolysis at low 
current densities is also effective. 

C'athodic depolarizers like nitrates and chromate ions seriously re- 
duce the cathode efficiency.*'' In a low metal bath 0.2144 oz/gal NO3" 
reduced it to 60% without visible effect, and 5.36 oz/gal NO3 " to 30% 
with slight loss of brightness. Very small amounts of chromic acid 
(CrOa) caused blistering, and 0.5, 1.0, and 1.9 g/1 chromic acid pre- 
vented full coverage and lowered the (efficiency from 95% to 85, 22, and 
1% respectively. 

Misplated cadmiiun jilate may be removed chemically by immersion 
in 1 Ib/gal ammonium nitrate solution or anodically from steel either 
in a solution of 12 oz/gal sodium cyanide and 2 oz/gal caustic soda at 
room temperature and 6 v or less, or in an alkaline alkali metal pyro- 
phosphate bath."^ 

The practical control of a cadmium plating bath is relatively simple 
and is based on plating tests and solution analysis. The Hull cell 
provides a convenient method for observing the plating characteristics 
over a wide range of current densities on one plate. Usually about one 
half of the maximum current density indicated by the Hull cell test is 
the maximum practicable current density. 
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Sodium Carbonate 

Sodium ciirboiiiite tends Lo build up in the bath through decomposi- 
tion of cyanide, wliich is accelerated by excessive bath temperatures 
and by absorption of cai’bon dioxide from the air. Since modern hori- 
zontal barrels draw as much as 4 amp/gal, they frequently recpiire 
artificial cooling lo j)revent ('xcessive carbonate formation. Small 
a.mounts of carbonate luv. not objectionable, but an excess should be 
remov(‘d for optimum oi)ei‘alioii of the bath. The concentiation of 
sodium carbonate should not be allowed to exceed about 6 oz/gal in 
baths with 5 oz/gal of cadmium or 11 oz/gal in baths with 2.5 oz/gal 
of cadmium. 

REMOVAL nv COOLINO TO CUECilMTATE SODIUM ( ARRONArE 

The carbonate can be brougld. down to about 3 oz/gal by subjecting 
th(' solution to a i.em]U'j'a4u]‘e of 0^’C (e.g., in a tank ]>laccd out of 
doors during the cold months) or by immersing into it steel containers 
with nai)htha to which solid carbon dioxide is added. Ordinarily 2.5 
gal of Jiaphiha and 100 lb of carbon dioxide arc required per 100 gal 
of solution. During cooling the tank should be w^ell crmercal and the 
(uirbon dioxide added at intervals over a [leriod of 12 to 24 hr.' C'ool- 
ing by the a-ddition of crushed ice is less (dlective because of the 
melting of the. ice and consequent dilution of the plating solution; this 
may lower the sodium carbonate content to 8 oz/gal. The sodium car- 
bonate Ci'^nls aie allowed to settle to the bottom of the tank, and 
the sn])erna.ta,nt liipiid is remo^'ed as quickly as possible by pum])ing 
or si])honing. Finally, the crystals are placed on a sheet of muslin 
stretched over a container to drain. It is sometimes necessary to seed 
the cooled solution with crystals of sodium carbonate in order to start 
llu^ crystallization. The loss of cadmium and cyanide is jiractic.ally 
nil if the freezing temperature is kept above — F'Cl. 

REMOVAL BY J’RECHUTATINO AN INROLURLE CARBONATE 

The sodium carbonate may also be cAmverfed to jiii insoluble car- 
bonate and removed by filtration; calcium sulfate is commonly used 
for this purpose.-’’'' The calcium (‘.arbonate ])recipitat('. is removed, by 
filtration. Since Ibis is rather bulky, filtration may be slow if the 
capacity of the filter is small relative to the volume of the solution 
and the sodium carbonate content of the bath. Hence jiart of the car- 
bonate may be removed by freezing before the remainder is precipi- 
tated as calcium carbonate. The S 04 ’= introduced causes no sub- 



CADMIUM 


123 


stantial anodic attack on steel tanks or anodes as long as the hydroxide 
content of the bath is maintained. 


A N AL Yl'I CAL j\ I ETH ODS 

Standanl analytical i)rocedures are aj)i'>licable to the analysis of 
cadmium plating baths wliei'c the facilities of a chemical laboratory arc 
available. Itapid sho]i (umtrol methods have b(‘ei) devised and are 
obtainable through the purveyors of the cadmium plating j)ro(‘esses 
on the market. 

DETERMJNATKnj OF CADMIUM 

r/admium is best determined by an electrolytic method: 5 ml of the 
plating solution is placed in an electrolytic beakc'r, diluU'd to SO ml 
with distilled water, and electrolyzA'd with a standard rotating ])lal.i- 
num gauze calliode and a platinum wire anode at I.d am]) for 2 hr. 

g/1 Cd = 200\^g Cd deposited 
oz/gal Cd = 20.8 g Cd deposited 

According to Hoff the addition of an excess of ammonia under con- 
trolled conditions prevents the code])osition of any zinc present. 

Volumetric Method for Cadmium. The cadmium content may also 
be determined by titrataon, although the method does not eliminate 
zinc and will be in ei*ror if this element is present. The method is as 
follows: 5 ml of t’ / plating solution is ])ip(dted into a 40()-inl beaker, 
diluted with 50 ml of distilled water, and warmed. Ten milliliters of 
M, solution containing 150 g/1 sodium sulfide is added with stirring. 
The cadmium sulfide jirecijntate is allowed to settle, then is put on a 
filter and washed with hot water containing a few di*oi)s of sodium 
sulfide solution. The precipitate, with the filter j)a])er, is returned t-o 
the beaker and dissolved by boiling with 25 ml of conc(‘ntrated hydro- 
chhu’ic acid and 25 ml of distilled water. The I'esultant solution is 
diluted with 200 ml of distilled wafer, neutralized with ammonia until 
red litmus turns blue, and acidified by adding concentrated hydro- 
chloric acid until the litmus paper turns red again and 3 ml in excess. 
Tlic solution is heated to near boiling and titrated with a stanrlard 
])otassium ferrocyanide solution using a 50-g/l uranyl acetate solu- 
tion as an outside indicator, until a di*op of the solution added to a 
drop of the indicator on a si)ot plate turns brown. The potassium 
ferrocyanide solution is made by dissolving 22 g of the crystallized salt 
in distilled water to make 1 1, and standardized against a solution ore- 
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pared by dissolving exactly 0.25 g of metallic cadmium in 5 ml of con- 
centrated hydrocliloric acid and 5 ml of distilled water, adding 150 ml 
of distilled water, heating to near boiling, and adding 10 g ammonium 
chloride just before it is titrated. 


g/1 Cd = 50 X 


oz/gal Cd = 0.07 X 


ml feiToctyanide used in titration 
ml ferrocyanide used in standardization 
ml ferrocyanide used in titration 


ml ferrocyanide used in standardization 


TOrAL SODIUM CYANIDE 

Total sodium (jyanide is best determined by a modified Volhard 
titration* accoj'ding to the following procedure,: Dilute exactly 1.0 ml 
of plating bath to about 50 ml. Add 5 g of a dry powdered mixture of 
957 ^^ by weight NallCO^ and 5% by weight K 2 Cr 207 and dissolve. 
Titrate with a silver nitrate solution containing exactly 26 0 g/l silver 
nitrate and concentrated nitric acid, sdrring constantly, to first per- 
manent opalescence. Tlie total sodium cyanide content is calculated 
as follows: 

g/l NaCN = 15 X ml of standard .\gNO3 solution used 
oz/gal NaCN = 2 X ml of standard AgNO^ solution used 


FRUE CYANIDE 

The free cyanide content is obtained by diluting a 2-ml sample with 
distilled water to about 100 ml, adding 2 to 5 ml potassium iodide 
solution (100 g/l), and titrating with a standard silver nitrate solution 
until permanent turbidity. One milliliter of 0.1 N silver nitrate solu- 
tion eciuals 4.9 g/l free sodium cyanide. 


SODITJM HYDROXIDE 

The sodium liydroxide content can be determined by titrating a 
diluted sample with siandard acid using sulfo-orange indicator. 


SODIUM CARBONATE 

The sodium carbonate content is determined as follows: Dilute 5 ml 
of the plating solution to 100 ml with distilled water in an Erlenmeyer 
flask, and warm. Add sufficient barium chloride solution (100 g/l) 
until no more i)recii)itate is formed. Allow the precipitate to settle, 

♦High results are oblaiiK'd iu the i)resenue of ferrocya-nidos which are precipi- 
tated as silver feiTocyanidc, Ag4l'V(CN)G. 
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lake it on a filler, ami wash with hot water; then bring it back into 
the flask with the filter paper. Add !30 nil of distilled water and a few 
drops ol a 0.2% methyl orange indicator solution. From a burette 
add 1.0 A standard hydrochloric acid uiilil the color changes to a per- 
manent pink. 

g/1 Na 2 (-l();i = lO.l) X ml standard acid uschI X its normality 
oz/gal ]Ma 2 CX )3 = 1. *12 X ml standard acid used X its noimality 

ANODES 

Both soluble (‘.admium anodes and insoluble steel anoiles arc used 
in plating from cadmium cyanide solutions. The cadmium anodes are 
almost always chill cast and meet the following specification: cad- 
mium, min., 99.9%; silver + lead + tin, max., 0.05%; arsenic + 
antimony + thallium, max., 0.005%. 

Anodes made from bearing s(U'ai) generally contain too much silver 
and tin and fretiuently harmful amounts of nickel and lead. These 
impurities go inl.o solution at high anode current dcuisities and cause 
ii'n'gularitu's at the cathode, as ])reviously mentioned. Or the impuri- 
ties may form sludges at low current densities wliich will contaminate 
the ])late and caus(i rough deposits. (Low anode current dcaisitics 
may produce a cadmium sludge.) 

The curi'cnt density versus anode polarization cui'ves for cadmium 
in cadmium cyanide jilating solutions have the same gentiral shape as 
those of other sc uble anodes.''" At first the polarization increases 
ratlier slowly witli the current density to about 0.2 to 0.3 v, the anode 
maintaining a normal gray metallic color. Then, with only a very 
slight increase in current chiiisity, the polarization increases very 
rajiidly to about 2.6 to 3.2 v. In this voltage range the anode is 
])owd(U'y black or burnished bright and some oxygen evolution is no- 
ticed. As the current density is increased still further, the anode be- 
comes coated over with a white salt which may become rather thick, 
and then coiiious amounts of oxygen are evolved. The anode is now an 
oxygen electrode, and the iiolarization then incrca.ses only slowly with 
increasing anode current density. Since under normal conditions it is 
desirable that the anodes dissolve with 100% efficiency to make up 
for the metal plated out and lost by drag-out, the anodes should have 
a gray metallic appearance. A visual inspection of the anodes will 
reveal whether or not the anode area or the cyanide content is too low. 

Cdose control of the anode current density, to keep it lielow the 
limiting value at which the oxygen begins in evolve and the cadmium 
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anodes become less than 100% efficient, is i)articularly important 
when anodes are designed for plating the inside of tubes or other deep 
recesses. Since sncli anodes have an area which frequently is inucli 
smaller than the cathode area, a choice has to be made betAveen using 
soluble cadmium anodc's at low cathode current density (sIoav plating) 
or insoluble steel anodes. 

The limiting anode current density varies primarily with the free 
sodium cyanide content of the bath (defined as the excess present 
above that retiuired by the formula Na 2 Cd(CN) 4 ) and its carbonate 
content. An increases in the free cyanide content from 2 to 10 oz/gal 
in a solution containing 2.6 oz/gal of cadmium and 1.9 oz/gal of 
sodium hydroxide will increase the limiting anode current density from 
20 to 30 ainp/s(i ft."^ 

An increase in the sodium carbonate content fj‘om 0 to 20 oz/gal in a 
solution containing 2.6 oz/gal of cadmium, 1.9 oz/gal of sodium hy- 
droxide, and S oz/gal of free sodium (-yanide decreases the limiting 
anode current ilcnsity from 30 to 20 ainji/sq It.*- 

Strong oxidizing agents such as sodium chromate (formed wluii 
chromic acid accidentally entei‘s the solution) or nilric acid or nitrates 
cause severe anode polarization, even if only very small amounts ai’c 
presents , 

The oxygen overvoltage on steel is high,^** namely 0.^19 v at 0.051 
amp/sq ft and 1.95 v at 5.1 amj)/s(i ft, as measured against a 
non-polai’ized cadmium electrode in solutions containing 2.6 oz/gal 
of cadmium and 2 to 10 oz/gal of free sodium cyanide, the results hew- 
ing i)rael;ically indejiendent of the free sodium cyanide content. Be- 
cause at a given current density the oxygen overvoltage) is much highej' 
than the i)ot.ential of a dissolving cadmium anode, the simultaneous 
use of soluble and insoluble anodes generally requires that the indi- 
vidual anode voltages be controlled by means of separate rheostats. 

Since the oxygen overvoltage is higher on a eomi)letely ])olarized 
eadmimn anode tluin on steel, namely about 3 v against a maximum 
of about 2 V, a cadmiuiu anode cannot become completely inactive 
as long as there is a steel aiiodc in paraTol. This fortunate condition, 
which prevails in all cyanide baths, makes i)ossible anode designs and 
construction like the ball anode and the use of anodically charged 
steel parts on plating barrel cylinders.*^^* As a matter of fact, excejit 
for this high oxygen overvoltage on steel, plain steel tanks could not 
be used for cyanide ])lating solutions, as otbeiwise stray currents 
would attain umnamigeablc magnitudes.^^ The presence of chloride 
ions in the bath should be avoided because they cause attack on nor- 



CADMIUM 


127 


mally inpoliible steel parts when anotlieally charged by inbaii or by 
accidental intermediate electrode effect. (\)nlanunation of the bath 
by chloride may be brought about by the use of heat-treating cyanide 
mixtures instead of plating cyanide, by drag-in of piclding acids via 
contaminated rinse water, or by drag-in of decoini)osabI(i chlorinated 
organic solvents. 

AVhen considerable current passes through anodic steel, its surface 
l)ecomes oxidized, and a coating, apparently of rust, ajipears. This 
coating interferc's with the current flow, increasing the voltages neces- 
sfiry for a given ciii-rent density. The coating must be removed at. 
intervals from steel anofles. There are indications that stet‘l anodes 
used alone causc‘ oxidation of cyanide to carbonate. 

PREPARATION OF BARIS METALS 

Ih’actically all cadmium jilating is being done on the rough or ma- 
chined basis metal without any })olishmg or buffing treatment. Small 
parts are sometimes ball-burnished jirior to plating, 

The standard jilatmg evele iiieludes alkaline cleaner, warm rinse, 
cold rinse, acid ])ickl(‘, (add rinse, (aidmium jdate, cold rinse, hot rinse, 
and drying. 

Cleaning in organic solvents, to remove lieavy oil and grease, may 
precede the alkaline cleaning. Steel parts are freciuently iirccleancd by 
immersion without (airrtait in a cleaner with a high content of caustic 
soda and souj). ^ )n barrel work such a cleaner is used alone with 
tumbling or other agitation. Racked work is ordinarily elcctro- 
(deaned. Es]Kadally satisfactory results are obtained when steel is 
cleaned anodically in properly compounded cleaners. 

Pickling of steel is ordinarily done at room (-(‘inporatnre in hydro- 
chloric acid (10 to 75% })y volume of 18'^’Be acid). .Keavy scale is 
best removed in sulfuric, avid (5 to 10% by volume of BO'^Be acid) at 
()B® to 77”C. if inhibitors arc used to lessen the attack on the steel, 
the work should lie given a sliort dip in uninhibited muriatic acid 
bcd'orc proceeding. Steel forgings, and especially cast iron, are fre- 
quently cleaned by sand or shut blasting. Rcal(‘ on copper and red 
brass is commonly lemoved in hejt dilute* sulfuric acid, scale on yeOow 
brass in a cold dilute sulfuric acid. Brass and co])per arc then usually 
bright-dipped in a solution of sulfuric, nitric, and hydrochloric acids.'^® 

Wcrnick*^'' has shown that an undercoatiiig of tin from a stannate 
bath greatly iminwes the resistance of cadmium to intermittent 10% 
sodium chloride salt spray. 
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Aluminum, and presumably magnesium, that has been zinc coated 
by immersion (see Chapter 13) can be cadmium -plated if first struck 
in a solution containing 2 oz/gal cadmium and 7.5 oz/gal sodium 
cyanide.'^^ 

POST-PLATINC TREATMENTS 
Bright Dips 

Cadmium coatings are generally used “as ])late(l.’’ Tlie most com- 
mon method of finishing is known as bright dijiping. The known 
bright dips are acid solutions of considerable oxidizing power. The 
cadmium plate dissolves without liydrogen (^volution apparently in the 
same manner as a s(ani-])olarize(l cadmium anode at a potential suffi- 
ciently high to ])revent preferential etching of tlu^ crystal faces. The 
))right dips may contain single compounds such as Yj to 1% ])y vol- 
ume of concentrated nitric acid (of sp. gr. 1.4) or bromic acid,-*- 
or they may be mixtures of acids with suitable oxidizing agents such as 
chromic aci(D'‘’‘''^ and hydi'ogen peroxide/*-'- Typical compositions 
are 13.3 oz/gal of chromic acid with 0.14 fl oz/gal of concentrated sul- 
furic acid (s]). gr. 1.84), and 79^- by volume of 30% (100-volume) 
hydrogen peroxide with 0.3% by volume of concentrated sulfuric acid 
(sp. gr. 1.84). The time of umnersion in the bright dij)S is usually 
from 2 to 30 sec, depending on their concentration. 

The chromic acid bright dip is characterized by the high degree of 
jiassivity which it imparts to the cadmium. Henc('. its judicious use 
docs not reduce the corrosion protc'ction to steel affordcal by the cad- 
juiuin plate. The nitric acid bright dip lias the disadvantage that if 
tends to discolor a cadmium surface when the articles are subsequently 
stored ill a small, confined space. "*■' The aeddified hydrogen peroxide 
di}) has the advantages of being free-rinsmg and not j)roducing any 
stains or other aftereff(‘cts. 

Anodic Brightening 

The anodic brightening of cadmium in a cyanide bath has ))een 
proposed for treatment of dull cadmium deposits. 

Mechanical Finishing 

Mechanical finishing of cadmium plate is used only to a small ex- 
tent. Such finishing necessitates sufficient care in the pre])aration of 
the basis metal before finishing that good iidhesion is assured and 
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blLsiering pn'veiitcd. Largo ciidiuiiim-])laic(l ineial i^arts may be 
buffed or scratcli-briLslied with light j^rcs.siiro. Buffing is usually done 
with an unstitched buff having a surface sliced of 2000 to 4000 ft/min. 
The work may be dry or wet. Small parts arc ball-burnished at an 
average speed of rotation of 35 rpm, the volume of highly finished steel 
balls being at least twice tliat of the work. The work is covered witli 
water, and a handful of neutral burnishing soap and 1 fo 2 oz of 
sodium cyanide arc added to a burnishing barrel of ordinaiy size. 


J^ACQIJEUINC OU PaINTINCJ 

Cladmium ]ilate is sometimes finished by hicciuering or jiainting. 
Many deal' lacciuers, indiiding “water-dip” lacquers, are available 
which adhere well to cadmium as long jis ordinary jirecaiitions of 
cleanliness are taken. Pigmented lacquers, “lacijner enamels,” and 
jiaiiits frequently do not adhere very well. They require a iiretreat- 
ment of the plate, preferably by phosjihatiziiig in a suitable bath.‘’^ 
Treatment in cold chromate solutions, such as \ to 7 oz/gal chromic 
acid, for 1 to 2 min,^'*^ or in G.5 oz/gal chromic acid with 0.7 oz/gal 
(0.3% by volume) of sulfuric acid (s]). gr. 1.84) for 5 to 10 sec*’^-^'''' 
has also been used. 


Coloring 

Coloring of cadmium plate is not very common, and most solutions 
jiroposed for (‘oloring are not very suitable. There are several pro- 
jirietary solutions of the protective-chromate type that also color the 
cadmium. Yellows through orange through grtams to black are jiro- 
duced in dichromate solutions containing alkali lodate, bromide, thio- 
cyanate, thiosulfate, or sulfonic acid,*^" and in chromic acid, chromate, 
01 ' dichromate solutiojis containing zinc chloride. Other colors, in- 
(duding bhuis and reds, are said to be obtained by first coating the 
jilate in a chromic acid or chromate solution containing formic acid 
and, after rinsing, dyeing it in a water solution of a suitable dye.'^« 
Yellow to deep brown shades are jirodiiced in a solution containing 
1 oz/gal potassium dichromate with 0.5 oz/gal nitric acid (sp. gr. 
1 .33) This solution is kept at G0° to 70'^(/ and the diy parts arc im- 
mersed in it for a few seconds to S min; tluy ai'e then rinsed and dried. 
Tmniersion for 10 to 15 sec in a solution containing 1 .4 oz/gal antimony 
chloride and 20% by volume of hydrochloric acid (sp. gr. 1.14), rins- 
ing, wet pumice scrubbing, rinsing, and drying give an effect rather 
similar to a French gray finish. 
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Heating 

To eliminait3 liydi'ogcn cmbrittlcmeut of high carbon steel, tlie 
plated ])arts should be heated for 1 to 3 hr in an even temperature 
oven at to 214 St(H;l, esi)ecia]ly spring steel, that was nearly 
saturat'd witli hydrogen prior to plating in its manufacture or during 
])iek]ing, is likely to crack during plating and cannot then be restored 
by any treatiiK'nl. Where this does not happen, cadmium ])late is 
sui)erior on springs to zinc or tin j»late.'^“ 


TESTS OF DEPOSITS 

Extensive outdooj* exposure^ tests have been conducted jointly by th(‘ 
Bureau of vStandards, the American P]lectro])hiters’ Society, and the 
American Society for Testing Materials^' The protective valiu*, is 
rouglily proportional to tlie. minimum thickiuiss of tlu' coating. The 
actual rate of penetration values greatly witli the corrosiveness of the 
atmosphere and the manner in wliich the parts arc exposed. The 
effect of rain and of liigh relative humidiiy ’ ’ in causing progressive 
corrosion has also been studied. For a summary of tliese and a 
variety of other corrosion tests tlui reader is referred to tlje chafiter on 
cadmium coatings by Soderlierg in Corrosion IlandbooJx^J^ 

Specifications of the American Society for Testing Materials for 
“Electrodeiiosited Coatings of Cadmium on Steer’ call for thretj 
types of coatings, with minimum thicknesses on significant surfiices of 
0.0005, 0.0003, and 0.00015 in (0.0125, 0.0075, and 0.003S mm) respec- 
tively, of uniform ajipearaiice, bright or dull as specified, adherent, 
and free from blisters. The thinnest (‘.oating is c-ommonly used for in- 
door cx])osure when an atmosjihere of ordinary humidity and cor- 
rosiveness is encountered. The heavier coatings are used for outdoor 
exposure in shielded ])ositions or in less corrosive atinosiihere. 

The standard in(4hod for testing for minimum thickness of cadmium 
deposits is the linear, niicrosco])ic method,'^’ which, however, recpiires 
not only expensive (‘quipment but also extensive experience for accu- 
rate interpretation of the results. Other more ra]iid but somewhat 
less accurate methods have been proposed, of which the dropping test 
is one of the simplest and most widely used. The original method of 
Clarke used a solution of iodine in potassium iodide. The best solu- 
tion for the purpose is that proposed by Brenner*^ containing 27 
oz/gal chromic acid and 6.7 oz/gal sulfuric acid, which jiroduces quite 
sharp endpoints and is insensitive to impurities in the plate. This 
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solution is dropped at a rate of 100 i 10 drops per minute on the e-ad- 
mium-plated surface until the appearance of the basis metal. The 
stripping rate depends on the temperature as follows: 


Temperature 

2rc (7o°r) 
28°C (82°r) 
;35°C (95°F) 


Rate of IVnetration j)cr 10 Sec 
0.000183 in. (0.0033 mm) 
0.000146 ill. (0.0037 mm) 
0.00016 in. (0.0040 mm) 


In general, an accuracy of about 15% is obtained in the dro]iihng test. 

A promising method, described by Francis/'' consists in dissolving 
(he iilat(‘ anodically in a 10% solution of sodium cyanide in a small 
tube h(dd against the surface. The thickness is calculated from the 
known current density (at whicli 100% anode efTiciency is obtained) 
and the time' which ela])ses before the cidl voltage changes i-ather 
sharjily. 

In a time-of-gassing test proiK)scd by Clarke and Andrew tiu^ 
jnirl- is immersed in concentrated hydrochloric acid (sp. gr. 1.10) con- 
taining 10% NiS 04 -GH 20 . The tliickness is read from a curve with 
an accuracy of about Lb25%, which is mucli bc'tter than that obtained 
with the much more impurity-sensitive antimony chloride-hydrochloric 
acid test now discarded. 

A test widely used for small, especially threaded ])arts was devel- 
oped hy Poderherg.^^ The ])art is immersed during successive equal 
time periods, the length of which depends on the temjierature, in a 
solution of 25 g/\ of chromic acid and 35 ml/1 of concentrated 
nitric acid, and between eacli immersion it is rinsed in 5% by volume 
of hydrochloric acid and tlien in watej' t.o remove th(^ brown film. Tlic 
number of di])s })ef()fe appearance of steel or, ioi’ old (‘oatings on brass, 
a bright alloy layej*, are eountc'd. Faeh dij) is ('rpiivalent to ().()0()()5 in. 
Tlie time jieriod per dij) varies as follows: 


Temperature 


°c 

16 

21 

27 

32 

38 


60 

70 

80 

90 

100 

Time per dip, sec 

14.8 

14.0 

12.9 

11.6 

10.0 


11 ibc undersnj’faet's of the articles are disregarded, the thit‘kiu'ss 
at all points may ])e obtained with an accuracy of il5%. 

The magnetic method is also UHed.^“ The instrument is calibralcd 
to read numerical values which are translativl into thickness of de- 
posit from a suitable curve. Results within 10%; are obtained on 
smooth surface's. The instrument is not very suitaljle for testing cad- 
mium jilate thicknesses on rough surfaces. 
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Porosity tests are of little practical importance because porosity 
affects corrosion protection but little. A test which has found some 
use in England consists of immersion in 1% by volume hydrochloric 
acid at 20^C for 10 min and observation of hydrogen gas bubbles 
formed at discontinuities. 

Stress in cadmium deposits is slightly compressive and of a]ii)ar- 
(uitly no practical importance. 





Chromium 

THE CHROMIUM PLAl’ING PROCESS 

( \ 10OR( IK ] )UB1*KRN KLL * 


(!liruiiiiuiii pliitjjjg is ('xtensively niiployed as a liiial finishing ojUMai- 
tion on many articles in general use. It may b(‘ divided into two 
g('iieral categories. In llic first, ANdiicli is the most generally known, the 
(‘hrominm is dc'posited as a thin (‘oating to serve as a non -tarnishing, 
dui’able siirl'ace finish for decorative imrposes on metal articles. In 
tlie si'cond category, in which chromium plating has found steadily 
increasing application, and which is usually referred to as industrial 
or “hard” chromium plating, heavy coatings are deposited so as to 
take advjintag(‘ of the special jiroperties of elcctrodeiiosits of this type. 
These nichuh^ iiarticularly their resistance to heat, low coefficient of 
friction, rt‘sistance to wear, and resistancii to corrosion and erosion. 
Jn these industrial ai)i)lica.tions c.hromium is usually deposited directly 
on the basis metal vithout intermediate coatings of other metals. 

The mod(Tn ]n'ucess of chromium jilating resulted principally from 
the ])ublicity giA'en the work of (kilin 0. Fink, of Columbia University, 
beginning in TJ24.‘'t Tmk have each been credited with hav- 

ing independently discovered the l)asic ])rinciples.^ Udy’s work has 
not been jiublished except in the trial proceedings of the suits on the 
Fink iiatents. Li(4)rcich also made similar discoveries more or less 
simultaneously in Cermany, but confused tliem by overemphasis on 
the supposed importance of the trivaleiit chromium also present in the 
chromic acid bath.^ 


HISTORICAL DATA 

Probably the first to propose plating with chromium was Antoine 
tk-sar Bccquerel (in 1843) He suggested the use of bivalent and 

* United Chromium, Incorporated, Wfiteibury, Conn. 

t References for this portion of the chapter will be found on pages 170 to 177. 
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trivaleni solutions, and tliat prohaldy accounts for the fact that Junot’s 
j)atents ° and Bunsen’s investigations ® related to the use of such solu- 
tions. 

The first to deposit chroniiiiin from chromic acid solutions appears 
to have been Geuther, in 1856.'^ However, lie was merely trying to 
disprove Faraday’s law by electrolyzing chromic, acid and other solu- 
tions. His claim was thought to be incorrect by Buff, who failed to 
olitain a chromium deposit.^ It was apparently not until about 1905 
tliat Geutluir was given credit for being the first to deposit chromium 
from chromic, acid solulions, in connection with the work of Carveth 
and Curry “ in the laboratories of Bancroft at Cornell University. A 
paper on chromium deposition from bivalent and trivalent solutions 
was published by Carveth and Mott.“^ Chromium deposition contin- 
ued to rc(‘.eive attention m the Cornell laboratories. Sargent worked 
on it between 1909 and 1914, and Gillett nuaitions^' steel pyrometer 
tubes plated for him by Sargent. However, Sai'gent’s work was not 
published until 1920.'" 

Sargent’s work indicated tliat chromium plating from (chromic acid 
solutions should bo ])rac.tical, and stimulated a number of furtiuu- 
investigations. Schwartz worked under Fink at Columbia Univesrsity, 
and the imblication of his paper created much further interest. 
This was climaxed by the discovery of the basic principles by Fink 
assisted by Eldridge; and by the independent discovery of these prin- 
ciples by Udy. On the Fink discoveries were based the inventions of 
U. S. patents 1,581,188 and 1, 802,403, which led to the commercial 
introduction and development of the chromium iilating process as ii. is 
known today.^-^' 

The above is merely a sketchy outline of the history of chromium 
jilating. Detailed accounts are given in various books, especially ihc 
publications of Schneidewind,^^ Macchia,^*^ Dubpernell,^^ Pfaiihauser,^'^ 
and Machu.^" Blum and Hogaboom emphasize the effect of the 
introduction of chromium plating on other electroplating processes. 

PRINCIPLES 

Chromium cannot be deposited from a solution containing only 
chromic acid and water. There must be present in the bath, in addi- 
tion to chromic acid, one or more acid radicals which act as catalysts 
to bring about or aid in the cathodic deposition of chromium. Those 
most commonly used are sulfates and fluorides, the latter frequently 
in the form of a complex fluoride such as fluosilicate (SiFc-). For 
successful continuous operation, the ratio (by weight) of chromic acid 
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to total catalyst acid radicals must be maintained within definite 
limits, and preferably at about 100:1 in the case of sulfate. 

It is generally immaterial with what other substances the catalyst 
is combined when it enters the bath or from what sources it may be 
derived, but the material must be soluble. Some sulfate is present in 
all chromium jilating baths, since it is contained in even the best grades 
of chromic acid commercially available. Sulfuric acid and sodium 
sulfate arc the sulfate -bearing materials most widely used in the 
bath; fluosilicic acid is the fluoride-bearing material most com- 
monly used. When referring to the amount of catalytic agent or acid 
radical in a bath, it is the total of such agents that is usually meant. 

While the current efficiency in cliromium plating baths is low (gener- 
ally in the range of 10 to 20 per cent for bright jffate), a fairly high 
rate of deposition is ()l)tairied owing to the relatively high current den- 
sities used. The voltages reciuired are higher than in most other elec- 
troplating i^rocesses, and generally are in the range of 4 to 10 v, de- 
pending upon operating conditions. Consequently the generator ca- 
l)acity required for cJiromium plating is higher than that for most other 
metal plating, but this seeming disadvantage has not seriously 
hinden^d the widespread use of the process. 

The relatively poor throwing i)ower of chromium plating baths is a 
disadvantage. NeveHheless, remarkably good results are achieved, 
even in the plating of articles of irregular shape, if the optimum ratio 
of chromic acid to total catalyst acid radicals is carefully maintained. 
Specual auxiliary anodes are sometimes used in ordcir to cover deep 
hollows or recessed ])ortions. Such auxiliary anodes jire similar to 
those! used in other ty])es of plating and are designed in accordance 
with the well-known and long-establish(!d principles of ample size for 
cairrent-carrying refiuirements and proper spacing for uniform distri- 
bution of current. 

THEORY 

As pointed out by Blum and Hogaboom,'"'' no satisfactoiy theory of 
chromium plating from chromic acid baths has been proposed beyond 
the principles stated above. Why is it possible to deposit chromium 
from chromic acid solutions when small amounts of various anions are 
added? Why does the current efficiency vary so widely with the tein- 
perature, the current density, the concentration of chromic acid, and 
the proportion of catalyst anion added? Wliy do different anions give 
such widely different results according to their intrinsic pro])erties? 
These are only a few of the (juestions which any satisfa(!tory theory 
should answer. 
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The outHiaiuling effoi't to answer these and other questions is per- 
haps that of E. Miiller,"^ who suggested the formation of an insoluble 
film of chromium chromate, Cr(()H)Cr 04 , on the cathode. The re- 
sults obtained under varying conditions are ascril)ed to effects of the 
conditions on such films. A film of this ty])e is considered to prevent 
the deposition of chromium from jnu'e chromic acid, and the dejjosi- 
tion of chromium when sulfate or other anions are added is felt to 
result from modification of the film. 

One of Miiller’s students, Ekwall, published the results of addi- i 
tional investigations. Ekwall concludes that the effect of sulfate in 
chromium platang is due to its greater tendency to form coni])lexes with \ 
triA^alcnt chromium than with chromate; thus it reacts with newly 
formed trivalent chromium and jnevents the formation of basic 
chromic; chromate at the cathode. 

Another (‘aidy investigator who woihed extensively in this field was 
Jfiebreicli.-'^ Eic'breich originally proposed that some chromic acid 
had to be reduced to the bivalent stage before; chrojnium dejx)sition 
could commence. He based his th(H)ries on very carefully made cur- 
]'ent-voltage curves, but these could not be reproduced by othei's. He 
later recognized the im])ortance of catalyst anions, but continued to 
overemphasize tlic state of reduction of the solution or of the kathode 
film as a factor. 

Kasi)er reviewed the theories proposed by others, and showed that 
basic chromium chromate is a colloid with an isoelectric point of about 
pH 6, while the cathode film is considered to have a pH of about 3 
txj 4.^^' He concluded that chromium is dei)osited directly from the 
lu'xavalent state, since metallic impurities such as cop])er prevent 
chromium dei)osition from chromous and chromic solutions, but not 
from chromic acid baths, and therefore chromous or chromic com- 
l)ounds produced in chromic acid baths are probably inactive. Kasper 
also described the efi'ccL of sulfate as due to its ability to coagulate 
basic chromium chromate and prevent its forming a film on the cathode 
which in tui-n prevents chromium deposition when no sulfate is jiresent . 
Compare the theories of Mull(;r and filkwall described above. 

Rogers made phating tests with widelj^ varying concentrations of 
chromic acid, sulfate, and sodium hydroxide,-^ but made only a very 
few^ approximate nu^asui’emeuts of the pH of the resulting solutions. 
From these tests he concluded that the pH of the cathode film was an 
important variable, and that chromium was deposited as a I’esult of 
the reduction of chromous hydroxide formed on the cathode. This is 
similar to one phase of Tjiebreich's theories. Rogers’ conclusions were 
questioned by Kasper in the discussion to the Electrochemical Society 
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jiiipur; this discussion is of interest for its clear statement of Kasper’s 
views. 

Suavely studied, by means of x-rays, ilu‘ structure of chromium 
de]H)sits formed uniler widely different conditions.-" He considers 
tliat the deposition of ehroinium results from the dejH)sition of hydrides 
of chromium, which decompose during plating and fonn the chromium 
d(‘posit; this explains the shrinkage and cracking which generally occur 
(hu'ing chromium de])osition. 

Kasi)er’s c-oncept that chromium is de])osited direclly from the hexa- 
valent state has been confirmed by recent, work at the National bureau 
of Standards by Brenner and Ogburn.-'^ These workers used radio- 
active chromium to show that chromium is deiiositcd directly from the 
liexavalent state and not through an intermediate step involving tri- 
\'a,l(ait ctirojuium. liogers and Burr applaud the theory of rate proc- 
(‘sses to th(^ examination of data on the effect of sulfate, and reached 
the conclusion that the sulfate retards hydrogen deposition rather than 
catalyzing the plating reaction. 

The theories ])roposed to date still do not seem to afford a fully 
satisfactory exjilanation for chromium deposition from chromic acid 
solutions. They offer little helj) to those desiring a qualitative under- 
standing of the iirocess, and it appears that further expcTimental work 
is necessary to establish a basis for a satisfactory theory. 

FUNCTIONS OF CONSTITUENTS OF THE BATH 

There are only t vo essential constituents in the conventional chro- 
mium plating baths: chromic acid, and one or more catalyst acid 
radicals. 

Because chromium metal will not serve satisfactorily as anode, in- 
sohibhi anodes are used, generally lead. The chromium to be deposited 
is introduced into the plating l)ath as a chemical, chromic anhydride, 
CrOy, commonly called chromic acid. It is a reddish brown material, 
easily soluble in water. Many manufacturers, now aware uf the (iffect 
of even small amounts of catalyst acid radicals, furnish a pure grade of 
chromic acid especially suited for chromium plating purposes. This 
chromic acid is made to meet specifications which require that it con- 
tain not more than a small fraction of a per cent of sulfate and be free 
from other catalysts. 

A solution containing 53.3 oz/gal of chromic acid contains about 
27.7 oz/gal of chromium. This is almost 2 lb of chromium in each 
gallon of solution, and, with complete utilization and no losses, it would 
be sufficient to cover about 4700 s(i ft of surface with a deposit 0.00001 



140 MODIORN KLECTROPLATI NG 

ill. (0.25 /x) thick, the thickness commonly specified for decorative 
jiurposes. 

To convert a pure cliromic acid solution to a cliromium plating bath 
a (jatalyst is necessary. With a given set of conditions of batli tem- 
j^erature, current density, and cliromic acid coiiceiiLration, too small 
an amount of catalyst will result in either no plate or in brown oxide 
stains. Too high a catalyst content will result in either partial plating 
with poor throwing power or none at all, owing to depolarizing action 
or easy formation of trivalent chromium at the cathode. The essential 
criterion of bath comiiosition in chromium plating from the conven- 
tional chromic acid-sulfate radical solution is the ratio, by weight, of 
chromic acid to sulfate. This ratio should be kept within the limits of 
50:1 and 250:1, and preferably at about 100:1. 

Two typical formulas for chromium iilating baths using sulfate as 
the catalyst acid radical are; 

1. Chromic acid (00^), 53 oz/gal (400 g/1); sulfate (SOi”), 0.53 
oz/gal (4 g/1). 

2. Chromic acid (CrChj), 33 oz/gal (250 g/1); sulfate (S 04 -^), 0.33 
oz/gal (2.5 g/l). 

Formula 1 is fre(]U(‘ntly referred to as the “concentral*(‘d” bath, and 
formula 2 as the “dilute” bath. Although concen (rations of chroii'ic 
acid from about 7 oz/gal up to saturation (about 133 oz/gal) can be 
used, most commercial baths arc operated between 33 oz/gal and 53 
oz/gal. The imjiortant re(]uirement is that the ratio b)^ weiglit l)e- 
tween tlie two constituents be maintained at about ]00:1. 

Baths containing 33 oz/gal of chromic acid have a slightly higher 
current efficiency than those containing 53 oz/gal. They also have a 
lower conductivity and, therefore, require a higher voltage for a given 
current density. The more dilute baths are also more sensitive to the 
addition or removal of catalyst acid radicals from drag-in and drag- 
on! . 11 ('nee they require more frecpicnt and more careful adjustment 
for maintenance puiqioses. For instance, if a, small amount of sulfate 
from a sulfuric> acid dip is dragged into a chromium plating bath ojx'r- 
ated al the lower chromic acid concentration, it will cajisc more change 
in the ratio than in a bath operated at the higlu'r chromic acid con- 
centration. 

Fluosilicate has had considerable use as a catalyst in chromic acid 
baths. Such solutions are difficult to analyze and maintain. Whereas 
Bilfinger^'^ has concluded that these baths are unstable and decom- 
pose, Gebauer-*^ found that tlu'y are stable even when subjected to a 
prolonged electrolysis of 47,500 amp-hr/gal on a laboratory scale, and 
12,730 amp-hr/gal in a commercial bath of over 3000 gal cai)acity. 
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OPERATING CXINDITIONS AND CHARACTERISTICS 

With baths having compositions such as formulas 1 and 2, bright 
plate can be reliably obtained by properly coordinating tcanperature 
and current density within definite limits, taking into account in such 
coordination the chromic acid concentration (d* the bath. A con- 
venient chart, showing the conditions for bi'ight i)lating, is given in 



Current density, amp/sq in 
Fig. 1. Chari, of Ijnjiht plating conditions 

Fig. 1, taken from LI. S. patent 1,802,463.^ In this figure the dot-and- 
dash line A circumscribes the bright plate area for solutions of formula 
2, and the dash line B circumscribes a bright plate area for a solution 
similar to formula 1. The complete l)right plate area circumscribed 
by tlie line A" is typical of the behavior of most chromium plating 
baths. Thus, to produce bright deposits from formula 2 containing 
33 oz/gal of chromic acid and 0.33 oz/gal of sulfate at a temperature 
of 40°C, cathode current densities as low as 29 amp/sq ft and as high 
as 144 amp/sq ft may be used, while at 45 ''C 50 per cent higher current 
densities may be used. 

If more rapid ])lating is desired and sufficient power is available, 
the temperature is often increased to about 55''C and the cuirent den- 
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siiy to about 288 amp/sq ft or 2 arnp/sq in. These conditions, when 
used with tlie dilute solution (formula 2 ) for building up a heavy 
plate for industrial purposes, result in a plating speed of almost 0.001 
in. thickness of chromium per hour. Higher plating speeds can be 
obtained at higher current densities, but the deposits are apt to be 
“bubbly,” “pebbly,” or nodular. 

Plating at higher i (anperatures and current densities has been pro- 
posed by numerous workers, among whom may l)e mentioned Willink,''" 
Brown et al.,^^ Wi(;k,'^^ and 8111111 .^*"^ This idea has been ai)plied sue-i 
cessfully to the plating of small articles, but the power required fori 
plating larger objects may be ])rohibitive or unavailable. 

Tables 1 and 2 , on chromium plating s])eeds, and Table 3 on current 
efficiencies have bt^cn pre]iared from data obtained in United Chro- 
mium, Incorporated, laboratories. A study was made of chromium 
deposition from solutions containing 33 oz/gal and 53 oz/gal, (‘ach with 
the ratio of chromic acid to sulfate I'adical of 100:1. The curi-ent effi- 
ciencies were determined undei’ accui-ately maintained iilating condi- 
tions in an apparatus so designed that the current u as uniformly dis- 
tributed over the entire cathode area plated. 

Such accurate control of all plating (‘-onditions and such uniformity 
of emrrent distribution are rarely obtaim'd in jiroduction plating. In 
the shop it is frequently impractical to calculate the exact area of the 
work; it is difficull' to estimate the iiroportion of the current taken by 
the rack or guard wii’es; slight ^’ariations in t,em])eratiirc and solution 
composition generally occur; and the ideal condition of uniform cur- 
r('nt distribution ov(.t a complicated j^iece of work can only b(^ approxi- 
mated. Hence om* cannot expect the actual plating sjjeeds in produc- 
tion plating to be absolutely identical with those given in the tables. 
However, the more closcdy the i)lating conditions approach the exact 
conditions represented by the figures in the tables, the more closely the 
resulting thicknessc's of chromium i)late will correspond to tin; tliick- 
nesses listed. 

The plating s})eeds given in the tables have also been expressed 
gi-a,phically in Figs. 2 and 3, which may be used to supplement the 
tables, as they give interpolated values. 

Table 3 gives current efficiencies for the 33 oz/gal chromic affid-sul- 
fate solution and the 53 oz/gal solution (ratio 100:1) at various cur- 
remt densities and temperatures. 

The current efficiency and, consequently, the plating speed were re- 
cently detei'inined by (Irube and Clifton for solutions containing 10 , 
20, 30, and 40 oz/gal of chromic acid. The chromic acid-to-sulfate ratio 
was varied from 40:1 to over 300:1 at temperatures of 46, 55, and 
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Tahle J. CiiuoMiuM Plating Hpeeds 

Solutum: CrOg, 33.3 oz/gal (250 g/1); 0.33 oz/gal (2.5 g/1). 

Ratio, CrOjiSOj- = 100:1 


Current 

25"C 

(77"F) 

(ori°r) 

40‘’C 

(104°F) 

1 “ ^ 

45^C i 
(113°P) 

50T 

(122“K) 

55"(^ 

(l3rF) 

(l4i)°F) 

DeJisity, 
mip/sq in. 



Minutes per ThousnniiiJi 




'riiiip, in niiiiutos, to (i(‘i)osit O.OOl in. 

tlnckncsK of (“lironiiuni 


0.25 1430 

0.50 200 

0.75 107 

1 00 71 

1.50 41 

2.00 28 

2.50 

3.00 IS 

1.00 
5 00 
0.00 

8. 00 

10.00 
12 00 


1110 1580 

399 405 

201 205 

129 137 

00 71 

42 48 

29 30 

22 29 

14 20 

15 


10.00 



0.25 
0 . 50 
0.75 
1 .00 

1.50 
2.00 

2.50 

3.00 

4.00 

5.00 
0.00 

8.00 
10.00 
12.00 
10.00 


Thoumndifiti per Hoar 

TliiciviiOKS of clnoimunt, in tliousandtbs oF an inch, deposited 
j)Oj‘ hour of plating tinier 


0.0119 0.0420 0,0380 0.0341 

0.201 0.150 0.148 0.140 0.0995 

0.500 0.298 0.293 0.288 0.222 0.115 

0.815 0.4(;5 0.438 0.417 0.304 0.294 0.18' 

1.46 0.909 0.S47 0.707 0.052 0.600 

2 14 1.43 1.24 1.02 0.953 0.938 O.OO: 

2.07 1.65 1.33 1.28 1.20 

3.33 2.72 2.09 1.67 1.58 1.50 1.23 

4.28 3.02 2.40 2.30 2.14 1.82 

4.07 3.33 3.00 2.80 2.40 

3.75 3.53 3.00 

0.00 5.45 5.00 4.28 

6.67 5.45 

6.67 

10.00 
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Table 2. Chromium Plating Speeds 

Solulion: CrOs, 53.3 oz/gal (400 g/1); 804"", 0.53 oz/gal (4.0 g/1). 
Ratio, CrOsiSOi^ = 100:1 


Current 
Density, 
ainp/s(i in 


25°C 

(77°F) 


35°C 

(95°F) 


40°C 

(104°F) 


45°C 

(113°F) 


50°C 

(122°F) 


55"C 

(i3rF) 


65°C 

(149°F) 


Minntefi per Thousandth 


I'inie, ill minutes, to deposit 0.001 in. thickness of chroniiuin * 


0.25 

2110 

1700 






0.50 

212 

543 

594 

003 

846 



0.75 

127 

203 

280 

313 

427 



1.00 

88 

153 

170 

205 

204 

325 


1.50 

51 

73 

92 

105 

125 

!32 


2.00 

35 

45 

59 

08 

77 

80 

151 

2.50 


30 

43 

50 

55 

02 


3.00 

20 

23 

33 

38 

43 

48 

08 

4.00 


15 

22 

20 

30 

34 

42 

5.00 



10 

20 

23 

20 

32 

0.00 





18 

22 

25 

8.00 




11 

13 

15 

18 

10.00 






11 

13 

12.00 







11 


Thousandths per Hour 

TJiickness of chromium, in thousand tlis of an inci 
dc])osited per liour of plating time 


0.25 0.0284 

0.0341 





0.50 0.283 

0.110 

0.101 

0.0!)95 

0.0709 


.75 0.472 

0.228 

0.210 

0.192 

0 140 


.00 0.082 

0.390 

0.340 

0.292 

0.227 

0.185 

.50 1.18 

0.822 

0.655 

0.571 

0.480 

0.455 

.00 1.71 

1.33 

1.02 

0.882 

0.779. 

0.697 

.50 

2.00 

1.41 

1,20 

1.09 

0.968 

3.00 3.00 

2.81 

1.82 

1.58 

1.39 

1.25 

4.00 

4.00 

2.79 

2.32 

2.00 

1.77 

5.00 


3.75 

3.00 

2.01 

2.31 

0.00 




3.33 

2.73 

8.00 



5.45 

4.62 

4.00 

10.00 





5.45 

12.00 







0.398 

0.883 

1.43 

1.87 

2.40 

3.33 

4.02 

5.45 
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Table 3. Current Efficiencies, in Per Cent of the Electrochemical 
Equivalent for the Reduction of Hex ava lent Chromium to Metallic 

Chromium 


Current 
Density, 
amp/sq in. 

25°C 

(77°F) 

35°C 

(95°r) 

40°(^ 

(104°F) 

45°C 

(US"!'’) 

50°C 

(122‘’F) 

55°C 

(131°F) 

(MO^F) 

Solution: Average density, 21°R6; CrOa, 33 oz/gal (250 g/1); 
S 04 ^, 0.33 oz/gal (2.5 g/l). Ratio, Cr() 3 :S() 4 “ = 100 : 1 

0.25 

Ci 

0.0 

5.3 

4.8 




0.50 

20.3 

10.5 

10.4 

10.3 

7.0 



0.75 

2 f).() 

14.0 

13.8 

13.5 

10.4 

5.8 


1.00 

29.3 

10.4 

15.4 

J4.7 

12.8 

10.4 

0.5 

1.50 

33.9 

21.2 

19.9 

10. 6 

15.4 

14.2 


2.00 

30.8 

25.4 

21.8 

18.0 

10.8 

10.4 

11.8 

2.50 


28.9 

23.3 

18.8 

17.9 

17.0 


3.00 

39.1 

31.8 

24.5 

19.6 

18.8 

17.5 

14.3 

4.00 


3«.4 

20.0 

21.2 

20.1 

19.1 

15.9 

5.00 



28.0 

22.5 

21.0 

19.7 

17.0 

G.OO 





22.0 

20.6 

17.8 

8.00 




26.0 

23.9 

21.9 

18.5 

10.00 






23.0 

19.4 

12.00 







20.3 

10.00 







22.0 


Solution: Average density, 31° Be; < 

CVO 3 , 53 oz/gal (400 g/l); 


SO 4 

- 0.53 ((z/gal (4.0 g/l). Ratio, CrOa:! 

804 “^ = 100:1 

0.25 

4.0 

4.8 




1 

1 


0.50 

9.0 

7.8 

7.1 

7.0 

5.0 



0.75 

21.9 

10.7 

9.8 

9.0 

0.0 



1.00 

23.0 

13.7 

12.0 

10.3 

8.0 

0.5 


1.50 

26.9 

19.4 

15.3 

13.4 

11.3 

10.7 


2.00 

29.5 

23.8 

17.8 

15.5 

13.8 

12.3 

7.0 

2.50 


27.4 

19.7 

17.0 

15.3 

13.7 


3.00 

33.8 

30.0 

21.2 

18.3 

10.2 

14.8 

10.3 

4.00 


35.3 

24.4 

20.1 

17.4 

15.4 

12.5 

5.00 



26.3 

21.5 

18.3 

16.0 

13.4 

6.00 





19.2 

16.4 

13.9 

8.00 




25.0 

21.0 

17.9 

14.8 

10.00 






18.5 

15.9 

12.00 







16.4 
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63°C, and current densities of 100, 200, 300, and 400 aini)/sq ft. The 
current efficiency was found to increase regularly as the concentra- 
tion decreased down to 10 oz/gal of chromic acid. The average in- 
crease in efficiency on diluting the soluiion, with a ratio of 100:1, tem- 
perature 55 °C and current density 288 amp/scj ft, was about 0.25 
l)er cent per 1.3 oz/gal of chromic acid decrease m concentration. A 



Plating speeds, thousandths of an inch per hour 
Ei}’. 2. C4ironnvim philiug speeds Sol\itu>ii: Tid nz/f 2 ,u,l (2P’Be) ; OolJ 

Ratio, 003 : 804 - - 100:1. 

similar figtirc of about 0.27 ])(t cent \ h)v 1.3 oz/gal of chromic acid 
can be calculated from AVcbersimds data in Table 3 for chromic acid 
concentrations of 33 to 53 oz/gal, taking the data for 2 amp/sq in. 
(288 ami)/s(i ftj and 55‘Th These figures are useful in calculating 
the plating speed variation with small (dianges in chromic acid con- 
cern tr a titm. 

The effect of increasing siilfat(‘ content or decreasing ratio of 
chromic acid to sulfate from 100:1 down to 5:1 has been investigated 
by ‘Bilfingcr^® for solutions containing 33 oz/ga,l of chromic acid. 
Although he worked only up to temperatures of 55°C and obtained 
low efficiencies at low ratios such as 10:1 and 5:1, Bilfinger suggests 
the use of higher temperatures and current densities, combined with 
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lower ratios of chromic acid to sulfate, to get higher philiiig speeils for 
hard chromium plating. 

1 he acidity of chromium ])lating baths is very high. It is not ordi- 
naj‘ily controlled or measiu-ed. hat few measurements have been 
made (with the glass electrode) indicate viilues for acidity off the 
usual /di scale, and in the range of sjiiall, negative values of 



Plating speeds, thousandths of an inch per hour 

Fig Cliioniiujii plating .sjx'ods Solution. 53 oz/gal OrO.j (31 “Be); 0 53 oz/gal 
SO , Itatio, CrO.T : SO^ -=100:1." 

Tlie throwing jiower of chromium j)lating baths is poor as comjiared 
with copper or nickel plating baths. The conductivity is liigh but 
is reduced by such impurities as iron and copjier. The cathode polari- 
zation during chromium deposition is relative]}^ constant and sub- 
stantially the same as that obtained during the electrolysis of the same 
concentration of pure cliromic acid witliout chromium deposition. 
Therefore the major variables connected with throwing power in bright 
chromium ])lating are the current efficiency and the bright plating 
range. If a given set of conditions gives the widest possible bright 
plate range and the plating is done at an average cathode current 
density near the upper limit of current density for this bright plate 
range, the optimum throwing ])ower will be attained. 
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In the conventional throwing power box, cyanide copper plating 
baths with good throwing ])ower generally have a rating around 20 or 
40 per cent, whereas most nickel plating and acid copper plating baths 
liave a rating about zero, or relatively small positive or negative 
values. The throwing power in chromium plating has been found to 
vary from around —13 per cent under the best conditions to —100 
l)er (;ent and even lower.^^ More recent work is reviewed by an 
anonymous Clerman author who gives thirty-six references."^" The 
throwing power on coi)per cathodes was investigated by Grube and 
C'liftoii.''^ A good discussion was given recently by Blum and Hoga- 
boom.“'’ \ 

Cations which may be jn’esent in chromium plating baths arc triva\ 
lent chromium, iron, copper, zinc, sodium, and others. Trivalentl 
chromium usually results when baths are operated with too large a\ 
cathode area and too small an anode area, or Avhen organic matter is 
introduced. The tri valent chromium content can b(‘ kept down by in- 
creasing the area of the anodes used, or, where this is not practical, by 
electrolyzing the solution for a period of time with a relatively large 
anode area and a small cathode area. Iron, copper, zinc, and other 
metallic impurities may be introduced into the bath in various ways; 
and, if permitted to accumulate, they cause an increase in the resis- 
tivity of the bath. None of the cations discussed has any Ix'neficial 
effect on the operating characteristics of the bath. Trivaleiit chro- 
mium particularly is detrimental when present to the extent of more 
than a few grams per liter. 

MAINTENANCE ANi:> CONTROL 

Chromium plating baths do not usually reephre filtering. If some 
clarification is desired, it can be accom])lished by allowing the solution 
to stand overnight and then decanting or otherwise transferring the 
supernatant licpiid to another tank. After the sludge remaining in the 
original container is cleaned out, the solution can be returned to it. If 
desired, a chromium solution may be filtered through a pad of glass 
wool or through fiber glass filter cloth. Filtering cloths of Vinylite 
(Vinyon) and Saran are also available and have substantially com- 
plete chromic acid resistance. 

Chromium plating baths are very stable in use, and their composi- 
tion can be readily maintained by physical or chemical analysis. Some 
of the chromic acid is reduced to trivalent chromium whenever chro- 
mium is being plated, but this trivalent chromium is continually re- 
oxidized to chromic acid on the lead peroxide surface of the lead 
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anodes commonly used. This automatically maintains the irivalent 
chromium concentration at a relatively low tio\ire under usual oi)crat- 
ing conditions, especially if the area of the lead anodes is equal to or 
greater than the cathode area.''* If iron or othei’ anodes are used for 
special purposes, they do not reoxidizc the trivalent chromium to 
chromic acid as well as do lead anodes, and a. higher (‘(piilihrium con- 
centration of trivalent chromium is reached after the hath has hvvn 
used for some time. Furthermore, these other anodes, unless com- 
pletely insoluble, introduce contaminating meials such as iron into the 
solution, and thei'cfore should generally be avoided. 

Pitting is not commonly encountered in chromium plating baths, 
and no additions are made to influence th(‘ surface tension, nor is it 
necessary for control purposes to measure and adjusi. the surface ten- 
sion of tlic batli. Wetting agents hav(‘ beem added recently to mini- 
mize the fumes evolved during chromium jdating; " the prospective^ 
user of such compounds should satisfy himself about their stability 
under his particular conditions. 

Special physical measurements or jilating tests are freciuently made 
to check the (condition of a })ath or to determine the total catalytic; 
('ffect of all the acid radicals present, JVJany iilants use physical 
analysis instead of chemical analysis as the basis for making adjust- 
ments necessary for bath maintenance. Pinner and Bakcir**'’' i)roposed 
a bent cathode test to determine the ratio of chromic acid to total 
catalyst acid radicals. This was a modification of the strip test first 
used by Fink, described below. 

Pfanhauser developed a so-called iiolentiometric method of check- 
ing the ai)proximate catalyst content of chromium plating baths. This 
consists of an ammeter and voltmeter conn(‘cted to a small jdating cell 
with a 4- or 5-v source of direct current, and a rheostat. The solution 
to be tested is placed in the cell with lead anodes and a brass cathode. 
The applied voltage is slowly raised until there is a sudden increase 
in voltage and a deposit of chromium a])i)ears. The current (haisity 
at which this occurs is noted, and the catalyst content of the bath in 
terms of sulfate is (estimated from current-voltage referemre curves 
plott(;d for solutions of known composition. A s])ecial instrument for 
making these measurements has been marketed in Germany for some 
time under the name ''L. P. W. Sulfometer;'' the ammeter of this 
instrument is calibrated to read tlie ratio directly. 

Perhaps the most important plating test used with chromium plat- 
ing baths is the determination of the current efficiency under known 
conditions, as first used by Fink as jiart of his strip test. When care- 
fully carried out, this measurement gives a great deal of information 
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regarding the characteristics of a given bath and its total catalyst 
content. The a])pearance and distribution of the resultant plate under 
the test conditions can also be studied when data on current efficiency 
are being obtained. If the current efficiency is not required, the ap- 
pearance of the ])late at different current densities can be observed in 
a single measurement by means of a Hull ccll.^®*^*^ 

ANALYTICAL METHODI^; 

Detejimijsation of Chromium in Ciiromjum Pjatino Solutions* 

L Pipette a 10-ml sami)le into a bOO-inl volumetric liask, dilute to 
the mark, and jnix thoroughly. 

2. Pi])ette two 10-ml portions into two 2r)0-ml Erleiimcycr flasks. 

3. Dilute each with wat(U' to between 100 and 125 ml. Use one for A 
and one for B . 


A. Chromic Acid Determination 

1. Add 2 g ammonium bifluoridc, NH4HF2, to eliminate tlie effect of 
any iron present. 

2. Add 15 ml HCl (cone. HCl, sp. gr. I.IS). 

3. Add 10 ml KT solution (100 g/1 KT + 1 g/1 KOH). 

4. Allow 0.1 Y sodium thiosulfate solution (0,1 Y Na2S:.CL-5Hi)0) 
to run in from a burette until the brown color changes to straw coloj‘. 

5. Add 3 ml starch solution (10 g/1 soluble starch). 

G. Continue titration until the blue color just disai)i)ears. 

7. Calculate results: 

(ml Na2S2Ca used) X Ch’Oa factor = g/1 CrOj 

(For 0.1000 A Na.S.Oy, CrO^ factor is 10.67.) 

Example. 

ml Na2S20n used — 23.8 CrOs factor 17.04 
23.8 X 17-04 = 40G g/1 CrCLj 

B. Teivalent Chromium Determination 

1. Add about 0.2 g Na202. 

2. Boil for 20 to 30 min. 

3. Dilute to between 100 and 125 ml and allow to cool. 

* Taken from United Cliromium, Incorporated, Reference Sheet CA-5o 
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4. Add 2 g NH4HF2. 

5. Add 15 ml HCl (cone. HCl, sp. gr. US) and allow to cool. 

6. Add 10 ml KI solution (100 g/1 KT + 1 g/l KOH). 

7. Allow 0.1 N sodium thiosulfate solution (01 Na2S20r'^n20) 

to run in from a burette until the brown color changes to straw color. 

8. Add 3 ml starch solution (10 g/l soluble starch). 

9. Continue titration until the blue color just disappears. 

10. Calculate results: 


(ml JSIa2S203 used in B) 

— (ml Na2S203 used in A) X Ch* ' factor ~ g/l (h- ’ 

(For 0.1 N Na^S^Oii, Cr ' ^ factor is 8.7.) 

Exainplc. 


ml Na2S2()3 used in B = 2I.() 


ml Na2S203 used in A (previous example) = 23.8 

Cr factor = 8.9 

(24,0 - 23.8) X 8.9 = 0.8 X 8.9 = 7 g/l Cr+'^ 


DkTKHMINATION ok SimFATE IN Cl-lROMnJM PlATINO SOTiUTlONS * 

1. Pi])ettc a 10-ml sample into a 250-ml beaker. 

2. Add 75 jnl reducing mixture f and boil for 10 to 15 min. 

3. Dilute with lot water to between 125 and 150 ml, and allow to 
stand in a constant temperature electric oven or water bath between 
tiO"’ and 70"'C foi at least 1 hr, and ovei’night if convenient. 

4. Filter into a 250-ml beaker, using a 12.5-cui Whatman No. 1 
inter paper (or ('(piivalent) , and from 2- to 3-ral filter paper suspen- 
sion; wash the green color from the filter paper with hot water. 

5. Stir the filtrate, which should be l)ctween 175 and 200 ml, and 
heat to boiling. 

G. Before allowing to cool below 70"C, add 10 ml barium chloride 
solution (100 g/l BaClo-SHiD) from a burette drop by drop with 
stirring. 

Taken from United Oliromium, IncorportiLod, Roferencr; .Sheet CA-2(i. 

tThe reducing mixture ts prepared by mixing together; 15 parts by volume, 
isopropanol, (CHiU^CHOII; 7 parts by volume, hydrocliloric acid (com;. IICI, 
sp. gr. 1.18) ; 25 parts by volume, glacial acetic acid, HCiiH 302 . The isopropanol 
(isopropyl alcohol), technical grade, has been found free from sulfate, is as effec- 
tive as ethyl alcohol, and co.sts about one-eighth as mucli. The ci*. grades of 
hydrochloric acid and acetic acid are used. The mixture may he prepared in 
quantities and kept indefinitely. 
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7. Allow to stand in a constant tcin])crature electric oven or water 
bath between 60*^ and 70 °C not less than 2 hr and not more than 4 hr. 

8. Filter at once, using 11 -cm Whatman No. 42 filter paper (or 
equivalent) and from 2 to 8 ml ashless filter pulp suspension; wash 
thoroughly. 

9. Transfer Uie paper and precipitate to a weighed 20-inl ])orcelain 
crucible; place in an electric muffle furnace and burn off slowly, finally 
holding at a bright red heat for about 15 min. 

10. Cool in a desiccator, weigh the crucible, and calculate results: 

weight of ]nc!ci]htate in grams X 41.15 — g/1 sulfate 

Example. 

weight of piecliutate = 0.0978 g 

0.0973 X 41.15 = 4.00 g/1 sulfate 

The analytical control of chromium jilating baths by methods such 
as those given above has been found the most (lei)endable procedure. 
The specific gravity is a good indication of the chromic acid content 
with new baths, but may show considerable deviation as the bath is 
used and accumulates metallic impurities. Sulfate is often deter- 
mined centrifugally, but this method is not always reliable.* Excess 
sulfate in the bath is commonly precipitated by the addition of l)arium 
carbonate, but it can also be counterbalanced by the addition of chro- 
mic acid, if convenient. 

A recent important devcloj.unent is the introduction of new clu'o- 
mium plating bath systems called self-regulating high speed, or simply 
S.R.H.S., baths. These arc chrornic-acid-type solutions containing 
mixed and cooperating catalyst acid radicals in automatically con- 
trolled concentration by virtue of solubility characteristic's of the 
special addition agents us(m1. The advantages and results to be ob- 
tained have been described by Stareck, Passal, and Mahlstedt.-’^ 

Fluosilicate-containing chromium plating baths are more difficult 
to analyze and control, and this is one reason why they have not been 
more frequently used. Many methods have been proposed, but none 
of them seems to have the advantages of simplicity, dependability, 
s])eed, and accuracy in sufficient measure. Wallbank indicated that 
no methods are available. As mentioned above, Bilfinger considers 
such baths unstable, although he also suggests methods of analysis.* 
There is considerable confusion and inaccuracy in the literature relat- 

* Soc Reforonce 30; also Rcfen^nce 47, 2iid ed. 
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ing to fluoride- and fluoyilicate-containing chromium baths, partly 
as a result of the persistent use of glass containers by most workers. 

ANODES 

Insoluble lead anodes are almost alwa^^s used in chromium plating 
from chromic acid baths. The film of lead peroxide which forms on 
these anodes during use causes the trivalent chromium io be reoxidized 
continuously to chromic acid, thereby maintaining its concemiration 
at a low value. 

Anodes of chemical lead can be used, but they ai'e attacked by the 
solution and cause the formation of excessive amounts of lead chro- 
mate sludge. Antimonial lead is preferable to chemical lead because 
of its greater corrosion resistance and strength.-' ' TA*ad-tin alloys have 
the highest corrosion resistance and are recommended as the best avail- 
able material for anodes and temperature-control coils.-”' 

Lead and lead alloy anodes of varying cross section have been 
proposed from time to time, but for most work ordinary flat anodes 
are satisfactory. In general, it is preferable to \m) a number of nar- 
row anodes rather than a single wide sheet, as in this way more uni- 
form current distribution is obtained. It is imiiortant to use thick 
enough anodes to conduct the high currents required for chromium 
plating. Anodes that are too thin will overheat in use and tend to 
corrode and warp excessively. 

Many anode n-'iterials other than lead alloys have been tried, but 
nothing better has been f ound. It is iierhaps worthy of note tluit 
]iurc iron, such as Armco iron or eleclrolytic iron, is corroded less as 
anode than steel or nickel. Iron anodes have occasionally been used, 
particularly in industrial chromium plating, in special instaiHHis where 
greater strength and rigidity than obtainable with lead is desired. 
However, their continued use leads to the accumulation of iron and 
trivalent chromium in the bath. Whcin^ iron anodes are used, it is 
recommended that they be coated with l(‘ad whenever it is feasible to 
do so. Small platinum wire anodes can also be used for special pur- 
poses, such as plating the inside of very small openings, like those of 
wire-drawing dies. 

Recent workers also recommend lead-silver alloys. Ishida found 
improved corrosion resistance by lead anodes containing up to 3 to 
5% silver. Gebauer claims six times longer life for lead anodes 
containing 2% Ag and 2% Sn, compared to ordinaiy Sb anodes. 
Niles "" claims best results with 6 to 127o Ag, and states that the sur- 
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face coating formed on such alloys has a conductivity equal to that 
of a chromium plating bath. 

Lead anodes used in chromium plating cannot have too heavy or 
irregular a coating of lead peroxide on them, or the current distribu- 
tion may be affected. It is customary to clean anodes regularly, espe- 
cially those used in iicavy hard (Lromium plating which conform 
closely to the article being plated. The cleaning is done by means of 
acid dij3s and scratch l)rushing, but is difficult and time consuming, and 
frequently not all the semi-insulating coating is remov(‘d. Hyner 
discov(‘red an easy and (‘fficient method (‘insisting of electrolytic re-1 
duction of the coating to njetallic lead by cathodic treatment in an\ 
alkaliije ])yropho8iffiat(‘ solution. 

P]QUJPMENT 

Tanks for chromiuni platijig have foi* years Ixa'ii made of lead- 
lined steel. Ajitimonial lead linings have b(‘eii widely used because 
their corrosion resistanc(‘ in chromic acid solutit)n is gnuiter than that 
of chemical lead. 'J'in-lead linings ai'e supeiior to antimonial lead in 
corrosion resistance.'' ‘ 

Acid-proof bi'ick linings have also proNcd very satisfactuiy for 
chromiuni jihrfing tanks made of steel. This type of lining has excel- 
kmi resistance to the corrosive action of the plating batli. The silica 
cc'inents used in laying the liiick are somewhat pojous, and for this 
reason thin joints with a thickness of only about to in. are used. 
This type of lining luis the advantage of being a non-conductor, 
thereby minimizing stray cuiTent effects. The life; of such linings is 
excellent, especially when the steel tank is first coated with suitable 
lacquer. 

The acid-proe)f brick lining is similar to wire-glass linings, which 
are sometimes used abroad. These vshould not- be contused with the 
use of separate glass sheei-s to cov(‘r much of the sides and bottom of 
steel tanks to prevent stray currents and short circuits. 

Another type of lining which ajiiiears to be giving satisfactory 
service consists of flexible synthetic resin sheets (plasticized poly- 
vinyl chloride) cemented to a steel tank and welded together. This 
type of lining saves space compared to a brick lining but is generally 
not recommended foi’ temjieratures above 60°C. 

Special insulating materials of the vinyl type have been developed 
to withstand the action of chromium plating solutions, as the latter 
dissolve nitrocellulose and most organic resins. These insulators arc 
used in solid form in the construction of composite racks and in liquid 
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form for coating ordinary racks or stojijnng olT portions of the work 
which it is desired not to plate. The use of insulated racks results 
in a saving of power and chemicals and gives much better plating. 
The use of a stop-off is particularly imi)ortant in industrial chromium 
plating, where it is frecpiently desired lo pla1(‘ only certain surfaces of 
an object to a definite thickness and to leave other surfaces unplated. 

Owing to the relatively high current densities used in chromium 
plating, it is necessary for all components of the circuit to be of suffi- 
cient size to carry the amperage retpiired without overheating or 
excessive voltage dro]). 

JTYCUENE 

The large volumes of hydrogen and oxygen evolvtul during chro- 
mium ])lating cause a chromic acid spray to be given off whicli, if 
])crmitted to escape into tlie jilating room, is damaging to the sur- 
roundings and constitutes a health hazard. The chromic acid is 
sharply irritating, and corrosive to the mucous membranes of the nose 
and throat. This spray, therefore, requires ixanoval to pj'otect ilie 
workmen and eciuipment, and adequate exhaust facilities must be pro- 
vided for the purjiose. 

The requirements in this connection were investigated by Bloom- 
field and Blum and Kiley and ( Joldman among others. They con- 
cluded that iilK‘ concentration of chromic iicid should not be permitted 
to rise abovci 1 nig/lU cu m of air. These requirements have beiui 
adopted by the American 8tandai*ds Association.*^'' Ck)mprehensivo 
discussions of exliaust systems for chromium plating tanks have been 
published.®*^*^^ 

Many measures hav(‘, been jiroposed to replace or supplement the 
necessary exhaust hoods, and to save some of the chromic acid and 
heat losses which these entail.*’^'’'”* The more recently iiroposed use 
of a layer of floating plastic beads'^*' or of w(‘tting agents may 
in some cases offer a ])artial solution to the problem, but it is in gen- 
eral not jiossible to disi)ensc with an adequate exhaust sysi^em. 

Studies of industrial dermatitis, including skin conditions arising 
in workers ex])OHed to cJiromates or chromic acid, havti been published 
by Schwartz,^- Macchia,^*^ and Wilkerson among others. The reme- 
dies suggested include avoidance of contact with the irrittiting chemi- 
cals, cleanliness, thorough washing, use of jirotective and healing 
salves and ointments, and visits to a physician when necessary. 

The disposal of waste waters containing chromic acid is a problem 
of increasing imi)ortance. It has been reviciwed at lengih by several 
authors,^'^' and will not be discussed here. 
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CHROMIUM PLATING SMALL PARTS 

Small parts such as screws, nuts, bolts, and rivets can be chromium- 
plated in wire mesh baskets or by stringing them on wires. Stringing 
on wires or racking is convenient for articles of moderate size, perhaps 


Fig. 4. Largo-] latch chromium plating barrel. 

1 in. in length or longer. For basket plating, horizontal copper wire 
mesh trays are generally used with a rim about 0.5 in. high soldered 
to a frame for suspension fi om the cathode rod. The small parts are 
spread in a thin layer on the wire mesh tray so that they do not cover 
each other, and the whole plated at as high a current density as possible 
without burning — for 5 to 10 min. Generally the entire basket is 
shaken or jarred a little a few^ times during plating, to cause the small 
parts to shift position and avoid contact marks. Flat parts which fit 
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closely on top of one another do not lend themselves readily to basket 
l)latmg. A j)apcr on basket chronmim ])lating vas ])iiblished by 
Ingersoll/^^ 

Many attempts have been made to develop a barrel for chromium 
plating, but most of them have ended m failm-e. This probably is due 
for the most part to the unusual electrochemical and mechanical difli- 
culties involved. Chromium plating barrels of both the batch and 
continuous types have been described and are operating successfully 
in several plants. Figure 4 shows a large batch type of barrel of recent, 
design. A rotating horizontal cylinder is used with a s])ecially de- 
signed inside anode. The barrel plating time, for decorative purposes, 
is about 10 minutes, but heavy hard chromium jdates can also be 
produced in the barrel by using longer plating times. 

PREPARATION OF BASTS METAT.S 

The cleaning of work to be chromiuni-jilated for bright or decora- 
tive finish (as distinguished from work for thick deposits or for in- 
dustrial applications) may be divided into two general classifications, 
wet cleaning and dry cleaning. Typical wet cleaning consists in put- 
ting the work successively through an alkaline cleaner solution, a 
water rinse, an acid dip, and a water rinse. Dry cleaning consists in 
wiping the work on a buff wheel or by hand, without dipping it in 
solutions of any kind. 

Where wet clea’^ing is feasible, it often gives better results than dry 
cleaning. Wet cleaning is preferred and recommended for its effective- 
ness in preventing gray streaking and spotting of tlic cliroinium i)late. 
The principal features of wet cleaning procedures are cathodic alka- 
line cleaning and acid dipping. Both of these stcjis help to remove 
any oxide or tarnish on a nickel surface, whether visible or invisible, 
and r(;sult in “activating” Uie nickel or making it (‘asiej‘ i.o chromium 
plate. Nickel surfaces are considered “passive” if they are oxidized 
and difficult to cover with a bright chromium j)late. C'athodic alka- 
line cleaning is quite effective in removing this condition if it is not 
too severe. Acid dipping is even moi“e effective. Tyi)ical acid dip- 
ping procedures are: 

1 . Immersion in 30 to 50^ by volume HCl for 30 to 60 sec. 

2. Immersion in 20% by volume H 2 SO 4 for about 5 min. 

3. Treatment as cathode at 4 to 6 v in 5% by volume II 2 SO 4 for 
about 15 sec. 

Where wet cleaning is not feasible, the plater must sometimes resort 
to dry cleaning. The success of the dry cleaning procedure depmds 
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on the fact that the chromium plating solution itself serves to some 
extent as both cleaner and acid dip. The vigorous evolution of gas 
during i)lating, together with the strong cleansing action of the hot 
chromic acid, tend to break down light dirt films. If the dirt, grease, 
and oxide are excessive, the cleansing action of the plating solution 
is overtaxed, with the result that the chromium plate is defective. 

Bright nickel plaUi which has not been buffed may have an oxidized 
surface or the equivalent, even in the as-plated condition. Even 
though no visible film of oxide is apparent, the surface may be 
‘passive” or difficult to cover with bright chromium plate. When 
this occurs, the above wet cleaning procedures are desirable or neces- 
sary for good results. 

The importance of a satisfactory wet cleaning procedure for nickel 
surfaces has been confirmed by Tucker and Flint, who also review 
some of the i)revions work in this field. Cathodic electrolytic cleaning 
is also helpful, and si)eci{il solutions and procedures are sometimes 
used.’‘* Anodic cleaning in the usual alkaline cleaners must be S(;ruim- 
lously avoided, as it will oxidize nickel surfaces and make them im- 
j)ossible to chromium plate. 

Heavy chromium deposits used in industrial or hard chromium 
[)lating usually r(;(]|uire extraordinarily good adherence to tin* basis 
metal because the plated articles are often subject to severe strains in 
service. A high degree of adherence of chromium to steel can be ob- 
tained by (‘-lectrolytic cleaning or etching of the steel surface prior to 
chromium j)lating. A satisfactory etch is obtained by treatment of 
steel i)arts as anode at 0 v in chromic acid solution or in thcj plating 
bath. Anodic etching in about 50'^Be sulfuric acid at room tempera- 
ture for about 1 min is also used. Additional details for the prepara- 
tion of steel for heavy chromium plating are given in a Recommended 
Practice of the Americain Society for Testing Materials. 

Zmihorski has investigated the adlnision of heavy chromium de- 
posits on steel; he finds that an adhesion of about 25 to 28 tons/sq in. 
is obtained by the usual hard chromium plating procedures. He also 
finds that etching in sulfuric acid gives somewhat ■l)etter adhesion 
than etching in clnomic acid; that a low current density gives some- 
what better adliesion than high current densities; that thin deposits 
are better than thick; that deposits from pure solutions containing no 
iron and trivalent, chromium are better than those from contaminated 
solutions; that fluosilicate are better than sulfate-type solutions; and 
that heat treatment appears to have no effect on adliesion. 

High carbon cast irons and steels may be difficult to chromium 
plate directly if subjected to acid pickling prior to plating. Pickling 
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apparently develops a low overvoltage surface condition which makes 
it easy to deposit hydrogen and difficult to plate chromium. It is 
therefore recommended that acid pickling be avoided in such cases, 
and that sandblasting or other methods of cleaning be used. 

Zinc and zinc-base die castings are commonly chromium jilatcd for 
decorative ])urposes after previpus nickel, or copper and nickel, plat- 
ing. If t)he castings are satisfactoril 3 ’^ nickel ])laled, the chromium 
plating is the same as for nickel-plated copper, brass, iron, steel, or 
other basis metals. If the nickel plate directly a]')idied on a zinc-base 
article does not completely cover it or is too tidn, it will be difficult 
or impossible to deposit chromium at or near these bare oi* too thinly 
l)lated points. A remedy for such a difficulty is to i)late a substantial 
thickness of copper under the nickel. There is a certain amount of 
chromium plating directly on zinc die castings, l)ut gencTally such ])lat- 
ing is for wear purposes. 

TE8TS OF DEPOSITS 

For dec'orative chromium plating, a thickness of about 0.00001 to 
0.00002 in. (0.00025 to 0.00050 mm) is generally used. This corre- 
sponds to about 2 to 4 min plating time under the bright plating (condi- 
tions generally used. It might seem desirable to apply a heavier chro- 
mium plate, but, unless (luite thick deposits are used, tlie plates are 
more porous and less corrosion-resistant than the tliin j)late men- 
tioned above. T as is probably due to the fact that thin deposits 
build up normally at first and have only simple pores, but, after a 
thickness of about 0.00002 in. has been deposited under tlie usual con- 
ditions, the shrinkage strains in the deposit become sufficient to start 
cracking it open in fine hair-line cracks extending down to the basis 
metal. Then the deposit is less resistant to corrosion tlian the thinner 
deposit of 0.00002 in. or less, which has no cracks. As tlie thickness of 
chromium plate is increased still further (0.0005 in. and over), the 
metal deposits over the cracks first formed, and, whereas additional 
cracks continue to occur, most of them do not extend t.o the basis 
metal. Heating accentuates the cracking. The cracks are not asso- 
ciated with any lack of adherence of the deposit, and they do not 
cause any peeling unless corrosion sets in underneath the chromium 
plate and releases it in flakes. 

These phenomena were pointed out by Baker and Pinner, who used 
a copper plating test dcwelopod at an early date by Dubpernell in 
order to study the type of porosity involved. An imj)ortant prccau- 
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tiun in conneotion with this test is to apply it only to articles com- 
pletely covered with chromium, or to insulate all areas not chromium 
plated. Otherwise, all the copper will deposit on the areas not cov- 
ered by chroimuin, and none will ])late on the pores or cracks in the 
chromium plate. Another way of meeting this difficulty is to in- 
crease the voltage during the acid copper plating step until some 



Fig. 5. Thick bright chromium plate, lOOOX- 


cojiper is dej)osited on the cliromium-plated areas on pores or cracks, 
or both. 

Additional studies of tlie porosity and cracking of chromium plate 
were rei)ortod by Clraiit and (irant,®-' Baker and Rente, Barrows,*^' 
Blum, Barrows, and Brenner,^'^ Mahlstedt,'"’^ .lacquet,^® Arkharov and 
Fedorov, and Kochcrgin among others. The cracks in thicker 
deposits were made evident by Gebaucr by anodic etching in 10% 
caustic soda solution followed by microscopic examination. Reverse 
currcnit treatment in chromic acid solution has been employed by 
Dubpernell as a test for cracks in heavy chromium deposits. Almost 
any brief treatment is sufficient, a typical treatment being 4 amp/sq 
in. for 15 sec. Wyllie used the copper plating test to show the cracks 
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in chromium (lc])osits after tensile testing/’- C'ohcai studied the 
chromium compounds found in tlic crack network of heavy chromium 
deposits, particularly after heat treatment and solution of the metal. 

Figures 5, 6, and 7 show the surfaces of typical chromium deposits 
at a magnification of lOOOX? taken from a research rei)ort by T, H. 
Webersinn and J. M. Hosdowich of United Chromium, Incorporated 



Fig. 6 Spiiii-bnglil hard clnojiiiurn i)la,Lo. lOOOX- 


(Septejnber, 1931). Figure 5 sliows the surface oi a thicsk bright 
plate, with typical cracks in various stages of formation and filling 
in with furthej’ chromium plate. The start of a few nodules is also 
shown. Figure 6 shows a smooth satin finish or “bubbly” type of 
plate formed at a higher current density, typical of deposits frequently 
used for hard chromium plating. Figure 7 shows a crack-free, slightly 
“milky” type of plate such as is ])roduced by means of the Mahlstedt 
process.’’’^ 

A very thin coating of clu'omium is commonly si)ecificd for decora- 
tive purposes, and this thin coating is generally applied over nickel 
plate. Thus the American Electroplaters' Society-Amencan Society 
for Testing Materials specifications''' state that the minimum 'hick- 
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ness of the eliromiuni coating shall be 0.00001 in. (0.00025 mm) and 
that the average thickness required in order to yield a minimum 
thickness of 0.00001 in. will almost always be at least 0.00002 in. A 
recent Federal specification for plumbing fixtures calls for an aver- 
age thickness on each fitting of at least 0.000018 in. of chromium, or 



Fig 7. Cruck-fiou ‘‘milky” low current density chromium plate. lOOOX- 


a minimum thickness on significant surfaces of at least 0.00001 in. 
Either requii-ement may be met. A U. S. Army specification requires 
only a minimum tliickiiess of 0.00001 in.®*^ 

A British Standard has also been issued whiclv" covers decora- 
tive nickel and chromium coatings, and, according to Hothersall,*’^ 
calls for an average thickness of chromium of not less than 0.00002 in. 
This is somewhat heavy if cracking is to be avoided. 

Accelerated corrosion tests as a rule are not carried out on chro- 
mium plate per se. Since chromium plate is not ordinarily used alone 
for decorative purposes, but is used in composite plates with nickel 
or copper and nickel, tests on such coatings result in data on the com- 
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bined corrosion resistance of the composite deposit. When properly 
appliedj chromium plate adds substantially to the corrosion resistance 
of the combined coatings. 

Dissatisfaction with only the results of accelerated tests led to an 
extensive series of outdoor exposure tests begun in 1932 and sponsored 
jointly by the American Electroplaters’ Socifdy, Uie Ainei'ic’an Society 
for Testing Materials, and the National Hnreaa of Standards. Nu- 
merous reports on the results of these tests appear in ihe i)ubli cations 
of the societies concerned, and in those of the Bureau of Standards.*’'' 
The Bureau also studied accelerated and ])orosity tests for comparison 
with outdoor exposure tests. 

In general, the salt spray test is still the most widely used acceler- 
ated corrosion test. It is briefly descrihi'd as part of the A.E.S.- 
A.S.T.M. specifications.*’^ There has been considerable effort in re- 
cent years to revise and standardize this salt spray test. It was 
described in considerable detail in a ])ublication of the Bureau of 
Standards,’*” a combined Army-Navy specification was issued, 
and a separate tentative standard w\as i)ublished by the American 
Society for Testing Materials.”’*’ A specification was also issued by 
the Quartermaster Cori)s.”” Other investigations of the factors af- 
fecting the results in the salt s])ray t-est have also ))een made.”’*' 

The ferroxyl test is also used to determine the i)orosity of chromium 
})late.®*’'”’‘’-^’”’”“ However, as reported by Pinner and S])eiTy and 
Strausser and others, the test requires considerable care in use and 
in the interpretation of results. 

Generally, the average thickness of chromium coatings is determined 
by dissolving oft’ the coating from a known area and determining the 
amount of chromium based on chemical analysis. The thickness of 
decorative cliromium plate is usually too small for ready deiormina- 
tion by microscopic or magnetic methods. Blum and Olson’’*' im- 
proved the spot test, using the rate and thiie of solution in hydro- 
chloric acid to determine the local thickness of thin chromium coat- 
ings. The test is described in detail in the A. FIS.- A.S.T.M. specifica- 
tions,”® in a Federal specification,* and in a British Standard.*” 
Spencer-Timms ’ ” investigated the best, endpoint for this test. The 
electrographic method can be apj3lied to the determination of the 
thickness of thin coatings of chromium and other metals.”*' The 
change in potential occurring when tin* coating has l)een .'5trii)ped 


* RefcrcDce 95, pp. 113-114. 
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anodically from a limited area shows the time of stripping with a fixed 
current and 100 per cent anode efficiency. 

HARD CHROMIUM PLATING 

The literature on this subject has become so extensive that nothing 
resembling a complete review can be attempted here. During World 



Fig. 8. Tank for hard chromium plating small tools, divided into five bays, with 
separate rectifiers for each. 


War 11 Kolodney wrote an excellent review with over 300 refer- 
ences, but much has appeared since that time. Unfortunately, Kolod- 
ney’s review is not readily available, even though it was abridged and 
released for jmblication.*-” Bilfmger’s excellent book has appeared 
in a second edition. Gillet^-' published a good general review of the 
subject before the war. 

The French established a “Centre dTnformation dii Chrome Dur'’ 
after the war, and P. Morisset of this center published a useful review 
of applications, together with a bibliography and abstracts of more 
than 1000 references.^- He has also published a general book on 
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hard chromium platiiig.^"^ Several annual collections of papers have 
also been published by this agency,^ in addition to a monthly bulle- 
tin. Good general articles were published by Hosdowich and 
Coyle.^"® Figure 8 shows a typical hard chromium plating plant. 

The success of chromium plate in industrial applications is prob- 
ably to be attributed to its unique combination of properties not pos- 
sessed by any other one material available commercially. The most 
important of these properties are the hardness, corrosion resistance, 
low coefficient of friction, non-galling and non-wetting qiialities. In 
many instances all these pro])erties are important for successful com- 
mercial application. 

The hardness alone would not be sufficient to secure wides])read use, 
as there are available a number of other hard materials or hardening 
l)rocesses. It is the combination of very gnvit hardness with extremely 
good corrosion resistance (equal or superior under most conditions to 
that of such noble metals as gold or jdatinum), and very low coeffi- 
cient of friction or unique surface qualities, which lias given such re- 
markable results in many applications of chromium plate. To this 
should also be added relative ease of api)lication and control, which 
insures the maintenance of fixed standards of quality and durability, 
together with modei’ate cost. 

The benefit of the hardness of chromium dc^posits is not effectively 
obtained unless the coating Ts dejiosited on a sufficiently hard basis 
metal and to a satisfactory thickness. Generally, hardened steel is 
used for the basis metal. Even a relatively heavy deposit of chromium 
may be crushed or indented if ap])lied over a soft basis metal such as 
copper. The best possible adherence is also imi)ortant in many uses 
where the siirfa(;c may be subjected to severe strain or shock, and any 
cliqiping of the deposit would be injurious. Table 4 gives basis metal 
hardnesses and thicknesses of chromium plate suggested for different 
applications. 

The low coefficient of friction and desirable surface i)roperties of 
chromium are realized for the most part only on relatively smooth 
surfaces. Frequently, chromium deposits are ground or lapj^ed to size. 
The technique of grinding chromium plated parts has been reviewed 
by several authors Sometimes a bright deposit is applied to a 

smooth surface and used without further mechanical treatment. By 
means of careful operation it is possible to ])late to size within very 
close limits. Worn machine parts are salvaged by chromium plating 
them to size. 

Some of the outstanding applications of industrial chrcnnium i)late 
include gages, tools, and machine parts generally, both new parts md 
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Table 4 

Recommended 


Application 

Rockwell C Hardness 

Thickness, in. 

Drills 

62-64 

0.00005-0.0005 

Reamers 

62-64 

0.0001 -0.0005 

Burnishing bars 

60-62 

0.0005 -0.003 

Drawing plugs or mandrels 

60-62 

0.0015 -0.008 

Drawing dies 

62 inside 

45 outside 

0.0005 -O.OOS 

Plastic molds 

55-60 

0.0002 -0.002 

Gages 

48-58 

0.0001 -0.00I5 

Pump shafts 

55 (>2 

0.0005 -0.003 

Rolls and drums 


0.00025 0.01^ 

Hydraulic rams 


0.0005 -0.004 \ 

Printing plates (engraved steel) 


0.0002 -0.0005 


the plating or replating oi worn i)arts lor salvager purpoKes, Taf)s, 
reamers, drills, saws, milling cntlers, Inirnishing tools, etc., have all 
been successfully plated. Molds for plasties and rubb(‘]- are plated to 
reduce wear and sticking, and to improve the appearam^e of the prod- 
uct. Drawing dies and mandrels, coinage dies, rolls for cold-rolling 
metals to a high luster, calendar rolls for various materials and jirint- 
ing and engraving dies ar(^ other exam])les of common ut^^s. Gun 
barrels arc frecpu'ntly plated for the maintenance of accuracy over a 
long period of use, a,s with anti-aii'craft giins.^'^’ Pump shafts 

and the cylindc;rs of intt'inal combustion engines have been i)lated 
with good results. The list of special uses could be extended almost 
indefinitely. 

In each application the most desirable thickness of chromium and 
hardness of the basis metal have to be determined empirically by trial 
and error, with the aid of previous expei’ience. If high corrosion re- 
sistance is desired in addition to wear resistance', as with rotary dri('rs 
for corrosive chemicals and with ))ai)er mill machinery, relatively 
thick deposits of at h'ast several thousandths of an inch are required 
(0.001 in. = 25.4 /x). Sometimes substantial undercoats of nickel or 
copper are used in such applications also. 

Hard chromium i)late has been found usc'ful on basis metals of 
widely varying hardness, although the basis metal should generally 
be as hard as possible. Thus, on oik^ end of the scale, good results 
have been obtained by chromium plating cutting tools tipped with 
tungsten carbide. On the otluT hand, zinc alloy dies for auto stamps 
ings have been chromium plated for longer life,^'^’’*^'^'^ and the hard 
chromium plating of aluminum has received considerable develop- 
ment, especially in connection with small internal combustion engine 
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cylinders.^'^”’^^® A series of outstanding publications on the hard 
chromium plating of aluminum luwe appeared, mostly in Ger- 
The detrimental effect of hard chromium plate on the 
fatigue strength of tlie aluminum has also been investigated exten- 
sively.’ 

Hard chromium plate reduces the fatigue strenglli of steel markedly. 
Investigations of this (‘fleet have been re-eiewed by Kolodney.’^®'’*^® 
Additional extensive investigaiions were made by ('uppers/’’ M(dir 
et al.,^^® Bastien and Popoff/^'-’ Wellingcr and K(dl/^® Eilender 
('t al./“‘‘' and Logan among otlica-s. Dubptaiiell dev(;loped a spe- 
cial type of cra(d\-free chromium deposit to minimize the loss of 
fatigue str(‘ngt]i of st(‘(‘l plaUnl llieirwitli. Siimott^^’’ has reported 
less loss of fatigue strength of steel plat(‘d with chromium from the 
n(‘w S.R-H.S. baths. 

The use of a softer deposit produced at high(‘r solution temperatures 
and with some modifications of solution comj)osition has been pro- 
posed/’’’’ but it do(is not seem to have been used commercially 

to any notc'worthy (extent, perha])s because of the high (uirrent density 
rc(]uired. 

S(‘veral specifications have been issued covering hard chromium 
plating/'*” but it is difficult to standardize the oi)erations in this 
rapidly growing field. The original Army-Navy S])ecifi cation in 1912 
calhid for a minimum Vickers hardn(\ss of 700 under a 1-kg load, buf. 
this requirement has beem eliminated. The S.A.E. Specification’®’ 
calls f()]‘ a chromir n plate having a hardness of not lower than 700 
Vickers or the ccpiivalcnt. 


PGROUS CHROMIUM PLATE 

This name has been given to modified chromium deposits wdth oil-re- 
taining properties, used on internal combustion engine cylinders and 
piston rings. Such deposits were used especially during the war on air- 
craft and diesel engines for salvage, and to make the engines last 
longer. TJiree main types of “])orous” chromium plate liavc come into 
common use. 

The first is the “mechanical” ty])c produced by grit blasting the 
basis metal, chromium plating, and final finishing to size by grinding, 
Iioning, or polishing.’®^ The second and third types arc the “pitted” 
and “channel” porosity. Both are obtained liy treating the chromium 
deposit in an etching solution. The type of jiorosity obtained is de- 
pendent upon careful control and regulation of the conditioDpS of 
chromium deposition. Numerous publications and patents descr.be 
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the production of all those types of porous chromium plate and the 
results obtained with them.^‘’’~^®^ 

The “pit'’ type of porous chromium may be produced, for example, 
by plating under ordinary hard chromium plating conditions such as 
in a bath containing 33 oz/gal chrotnic acid and 0.3 oz/gal sulfate, at 
50^0, and treating the resultant deposit as anode or cathode in a suit- 
able etching solution, or by simple immersion in acid. After the de- 
l)osit has been heavily attacked, numerous cracks are found to be eaten 
away, and a surface crust of undermined metal remains. When thife 
crust is ground, honed, or ]x^lishcd away, numerous pits remain in the 
chromium plate. \ 

Good conditions for inoduciiig the “channel” type of jiorous chro-\ 
mium plate are 60^0 and a ratio of chromic acid to sulfate of 115: l.\ 
The usual current densities of 3 to 4 am])/s(| in. are employed. After 
treatment in the etching solution, the dei)osit does not have a loose 
surfac.e cnist bui- only a network of fissures, so that grinding, polishing, 
or honing leaves (‘hanners, with (kmse cln'omiinu “plateaus” or “lands” 
between. This type of porous chromium has })een largely used for 
aircraft engine cylindcTs, while the pit tyi)e has b(‘en more extensively 
employed in diesel engines and on piston rings. Several si)e(‘^fications 
have been issued on iiorous chromium plating.’ 

OTHER SPECIAL TYPES OF CHROMIUM PLATE 

In the early days of commercial development the smooth mouse-gray 
chromium plate obtained from cold solutions was sometimes used, prin- 
cipally because of ignorance of the best conditions for bright jilating. 
This deposit could be buffed bright, but at much more cost than plating 
under bright plating conditions. 

A “frosty” or satin-finish jilate in between the above two types was 
found desirable by Mason for ]iress plates. Trist used a special 
cold chromium plate produced in refrigerated electrolytes for printing 
platesd*”^ 

Many attempts have been made to produce “black” chromium plate, 
and such deposits have been used industrially. They are dark gray 
rather than black, however, and all dull or matte chromium deposits 
seem to turn bidglit metallic rather readily if exposed to much abra- 
sion or wear, in spile of tlie Inirdness of the metal. An outstanding 
“black” chromium ])late was that of Siemens and Halske, A.G., pro- 
duced by using a high current density in a cold bath containing prin- 
cipally chromic acid and acetic acid.’®’^~^®^ 
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Carveth obtained a black color on chromium deposits by immersion 
in molten cyanide.^ The carburizing of chromium deposits for greater 
hardness has also been frequently attempted. Although this is 
something of an anomaly and the plate is first softened by tlie heat, it 
does appear possible to obtain very hard chromium carbide coatings. 

Many attempts have been made to work out jirocesses for chromium 
plating from bivalent and trivalent solutions, bvit no commercially 
satisfactory solution has been published. There have also been numer- 
ous attempts to plate chromium alloys, and fused baths have been 
described, but nothing useful appears to have come from such work. 
The IJ. S. Bureau of Mines has recently developed a process for the 
ele(:trowinniiig of pure cliromium metal from the ore, using a mixed bi- 
valent and trivalent chromium sulfate solution/-''^ ”''' l)ut the process 

Table 5. Sceoific Chavity and Degrees Baumk oe C-huomk^ A(’td Solu- 
tions AS A UuNcnaoN of the (Content “ 


Si) Gr. 

De- 

Ci’Oa (k)iitent 

Sj). Gr. 

De- 

CrO 

a Content 

15° 

- " C 
4° 

grees 

Bauine 

Molal- 

ity 

oz/sal 

g/1 

11° c 

4° 

grees 
Ban me 

Molar- 

ity 

oz/ual 

n/l 

1.01 

1.44 

o.irj 

2 0 

15 

1.18 

22. 1 

2.57 

34; 4 

257 

1.02 

2.84 

0.29 

3.9 

29 

1.19 

23.2 

2.72 

36.4 

272 

1 .03 

4.22 

0.^ ’ 

5 8 

43 

1.20 

24.2 

2.88 

38.6 

288 

1 .04 

5.58 

0.57 

7.6 

57 

1.21 

25.2 

3.01 

40.3 

301 

1,05 

6.90 

0.71 

9.5 

71 

1.22 

26.2 

3.16 

42.3 

316 

1.00 

8.21 

0.85 

11.4 

85 

1 23 

27.1 

3.30 

44.3 

330 

1.07 

9.5 

1 .00 

13,4 

100 

1.24 

28 1 

3.45 

46.2 

345 

1.08 

10.7 

1.14 

15.3 

114 

1.25 

29.0 

3.60 

48.2 

360 

1.09 

12.0 

1.29 

17.3 

129 

1.26 

29.9 

3.75 

50.2 

375 

1.10 

13.0 

1.43 

19.1 

143 

1.27 

30.8 

3.90 

52.2 

390 

1.11 

14.4 

1.57 

21.0 

157 

1.28 

31.7 

4.06 

54.5 

406 

1.12 

15.5 

1.71 

22.9 

171 

1.29 

32.6 

4.22 

56.5 

422 

1.13 

16.7 

1 .85 

24.8 

185 

1.30 

33.5 

4.38 

58.7 

438 

1.14 

17.8 

2.00 

26.8 

200 

1.30 

34.3 

4.53 

60.7 

453 

1.15 

18.9 

2.15 

28.8 

215 

1 .32 

35.2 

4.68 

62.7 

468 

1.16 

20.0 

2.29 

30.6 

229 

1.33 

36.0 

4.84 

64.8 

484 

1.17 

21.1 

2.43 

32.6 

243 

1.34 

36.8 

5.00 

67.0 

500 


* From data compiled by J. A. Beattie for International Critical Tables, 
McGraw-Hill Book Co., New York. 
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has not been adopted for plating puriioses. A two-compartment cell is 
used, and continuous operation on a large scale seems necessary for 
good results. It is reported that the pilot plant is producing about 70 
lb per day of pure chromium metal in cathode flakes about ^ g to % in. 
thick, with a smooth but dull surface; this metal is available for metal- 
lurgical test purposes. 




PROPERTIRS OF CHROMIUM PLA l E 

Cf.ovn A. Snavkly* and Ctiaulks L. Fatfst* 

STRUCTURE 

Chromium plate is unique among the metal plates extensively ust'd 
in commerce because of the im))ortaTit bearing the structure of the 
plate has upon its uses and performance. Actually, many variations 
in structure and pliysical properties can be obtained by projnjr ad- 
justment of the plating conditions and post-plating ti'eatments. Tlie 
theory underlying these structural characteristics is reasonably com- 
plete and will be outlined herein. An undcirstanding of the theory 
is useful in choosing the proper j)late for a given service. 

Chromium plate 0 00002 in. (0.5 /a) or less in thickness is normally 
porous, whereas thicker plate is “cracked.” “ The surface pf thick 
plates is usually smooth and bright appearing to the unaided eye. 
However, when viewed under the raicroscoT)e at magnifications of the 
order of lOOX ov greater, the surface is revealed as having numerous 
dome-like projections. Figure 1 sliows a typical surface. Figure 2 

♦Battollc Mem(3rial Institute, Columbu.s, Ohio. 



178 


MODERN ELECTROPLATING 


shows Lhe same surface at higher magnification. The crack pattern 
is clearly shown along with vestiges of "plated-over'’ cracks. All con- 
ventional j)lates more than 0.00002 in. thick are cracked in this 
fashion. Magnifications of 400X or greater are usually necessary to 
show up the cracks. 



Fig. 1. Surface of ‘‘hard” chromium plate showing crack system and nodular 
appearance. Bath composition: 33 055/gal CrOg; 0.33 oz/gal 80^ = . Bath tem- 
perature 60“ C. Current density 1.8 amp/sq in. Plating time 7 hr. Nodular 
appearance is emphasized hy limited depth of focus of microscope at this mag- 
nification (200x)- 

Cohen “ clcai’ly illustrated that these cracks ai‘o filled with a trans- 
parent film which becomes CroOa on heating. The film presumably 
exists in the plate as a hydrated chromic oxid(\ These inclusion films 
are predominantly normal to the basis metal surface. Figure 3 shows 
a typical chromium plate cross section, and Figure 4 shows Cohen’s 
model of the form of the inclusions in the plate. During plating, fresh 
cracks continually open at the jilate surface and then are filled with 
included material and covered over by newly deposited metal. 

The basic cause of tbe cracks and inclusions was shown by Suavely ^ 
to be related to the formation of unstable chromium hydrides during 
the plating operation. Hydrides can be electrodeposited either in the 
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liexagoiuil crystal lorm (forimila Cr^iH to CrUi) or in Ujc f:icc-ccntcr(‘(] 
cubic crystal form (formula Crll to CrH./). The hexagonal hydride 
is most likely the one formed under normal jdating conditions. Jt 
decomposes spontaneously to body-centered cubic clu’omium and free 
hydrogen Some of the hydrogen escapes during the d(‘Cc)mposition 



Pig. 2 811111 U unetclicd surhine of chromioin plate as in Fjk- 1. Note tljfj vaiioiis 

btej)? in the formation and covering over of cracks as they are illustratc'd in this 
)>hot,ograph. Freshly formed cracks are very promiiKaitly evident. Old cracks 
are more obscure. Very faint indications of many cracks which are nea,rly oblit- 
erated by covering metal (h'posit are yet visible on closi^ inspection. Magnifica- 
tion 350X- 

jirocess. The remainder is occluded in the plate. Data on the struc- 
ture of tlui chromium liydrides wei'e given by Suavely and Vaughan.’’ 
The normal structure of chromium metal is the body-centered cubic 
crystalline arrangement. 

The decomposition of either hexagonal or face-centered cubic chro- 
mium hydrides to body-(5entered ctibic chromium involves a volume 
shrinkage of over 15%. Because the plate is restrained in the plane 
of the basis metal ^ surface cracks form normal to that suj’face. dlie 
chemical constituents making up the cathode film are drawn into these 
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Fii?. 3 Cross section of clirorninm pJato shown in Fig. 2. A fivo-soc oloctroivtic 
etch has been applied at 6 v in 10% c.homK; acid solution at alinosjiheTic teinpera- 
tui’o Note form of inclusions. (Chromium has been etchefl away, ofbm allowing 
inclusions to fall sidewisi' on fetched surface' of ])late. Some inclusions ha,ve 
broken off during tlu' ('telling j)ioc(\ss, leaving the cracks tlu'y foipierly filled 
visible' as Ihin lines. Inclusions at an acute' angle with the etched surface appear 
as large dark areas. (MagTiificatioii 200X-) 



Fig. 4. Model of the film network in chromium plate constructed with strips of 
plastic. (From Reference 3.) 
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cracks and then are bridged over hy newly deposited plate. These 
crack- filling constituents are the inclusion films studied hy Cohen. 

In addition to the oxide inclusions which arc readily detectabU' by 
nietallographic examination of avS-deposited cliromiuiii, experimental 
evidence indicates that there may be additional quantities of oxide 
finely dispersed through the plate. This dispersed oxide appears to be 
agglomerated on heating and then may be detected through the mi- 
croscope.^*'^ 

Wood^ measured the grain size of chromium iilate by x-ray diffrac- 
tion methods and arrived at a figure of U X 10' ' cm. As a compari- 
son, the smallest grains producible by cold-working metals are of the 
order of 10 cm in average diameter. The extremely fine grains in 
chromium plate have been explained as resulting from the hydride de- 
composition."* 

Structural changes taking place on heating cliroinium plate are those 
normal for a highly stressed, fine-grained metal as shown by Dale and 
Snavely and Faust. Rcciystallization takes place on prolonged heat- 
ing in the temperature range between 300° and 500°C or on shorter 
exposure at higher temperatures. The new grains are elongate.d nor- 
mal to the basis metal. On prolonged cxjjosurc at temperatures of the 
order of 1100°C, large equi-axed grains are formed. During this heat- 
ing, the inclusion films remain in their original i^ositions, though they 
are agglomerated into lines of spheroidal particles. 

Chromium plate is strongly grain oriented with the (111) plane 
parallel to the ba^is metal.^^ This preferred orientation persists even 
after recry stallization.^*' The initial layer of ])late is randomly 
oriented, and the preferred orientation is achieved as plating con- 
tinues. Chromium jilates on jiolished brass or electro] lolished sfeel 
attain the preferred orientation rapidly, while plates on a machine- 
ground basis metal receive a relatively thick layer of randomly oriented 
plate before the pi’eferrcd orientation appiiars. 

Chromium plating directly on steel normally has a deleterious effect, 
on the mechanical properties of the steel. 

With the principles outlined, some of the applications of chromium 
lilate can be examined more closely. The "porous chromiunr’ of (!Oin- 
incrce is produced by the selective etching of the cracks exjiosed on 
the plate surface to give an oil-retentive surface. Thus the poor "w(;t- 
ting” characteristics of chromium plate are counteracted, while the 
good properties of the plate are unimpaired. "Lo-contraction” chro- 
mium plate is deposited at such elevated temperatures^'^ that the hy- 
drides are very short-lived, if they are formed at all. This j)late there- 
fore has relatively few cracks and is softer and much less stressed tUan 
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conventional chromium plate. Because of these special characteristics, 
it has exceptional resistance to hot corrosive gases. For the same rea- 
sons, it is too soft for ai)plications reejuiring maximum mechanical 
erosion or abrasion resistance. 

As in })lating other metals for engineering uses, chromium plate 
sliould be tailored to suit the application. The difference in i)erfonn- 
ance between good and bad selection of plating conditions may often 
dictate whether or not the plate (am fulfill the requirements of a, i)ar- 
ticular application. 

PHYSICAL PROPERTIES (^F (TTROMIUM PLATE 
Hardness 

Fully annealed chromium metal is very soft, and the iniierent hard- 
ness of (diromiinn plate is an imimrtant pr(’)perty relating si^ccifieally 
to the plating jirocess. There is much controversial information in the 
literature on the hardness of chromium plate. Most of the data re- 
ported were probably approximately correc.t fur the si)e(!ific de])osits 
studied. However, few invcvstigatoj’s gave attention to the fact^that the 
hardness of the plate varies according to the plating conditions. Also, 
a reliable hardness Jiieasurenunit on any de[)osit (‘an be made only if 
the indentor avoids the cracks. Therefore the only suitable indenta- 
tion techniques are those involving use of a micr()sc()])e to position the 
indentor to avoid cracks. The Vickers, Eberbach, Knoop, and other 
commercially available devices iirovide this feature. The various 
scratch-testing devices are reasonably reliable, since the actual meas- 
urenients may be made clear of the influence of cracks. 

Using the best-known tcchni(^ucs, s(3veral investigatoj’s have shown 
that the hardness of bright chromium plate is about 1000 Brinell or 
Knoop numbers. Hosdowich studied plates with hardnesses rang- 
ing from 600 to over 1000 Brinell. The softer deposits were dull. 
Hubbard,^ ^ using a 100-g load on the Knoop indentor, rc^ported a 
hardness range from 700 to 1200 Knoop mmib(u*s, depending on the 
plating conditions. Brenner, Burkhcad, and Jennings made Knoop 
hardness measurements, using loads up to 500 g, on deposits from 
widely varying plating conditions. Values from 300 to 1000 Knoop 
numbers were obtained. Suavely and Faust reported Knoop hard- 
ness measurements taken on (jross-section surfaces of as-])lated and 
variously heat-treated specimens. These measurements varied by as 
much as 200 Knoop numbers from similarly made measurements on the 
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surface of the plates. Also, there was some variation in hardness 
across the cross section of the plates. It was found that the load used 
on the indentor and the reading microscope magnification had an in- 
fluencc on the Kru)op values obtained. Therefore these conditions of 
measurement should be given along with plating and after-treatment 
conditions when hardness measurements are discusseil. 

Hosdowicli reported abrasion resistance tests which showed that 
abrasion resistance parallels hardness for mat or bright, plates. 


(.V)EI^'F1CIENT OE FulOTION 

The low coefficient of friction of chromium plate against other metals 
is an important factor in its use on shafting, piston rings, internal (‘om- 
bustion engine cylimha-s, and similar a])plications. Th(‘ following dat.a. 
published l)y the Worthington Piiiii]) and Machinery Corp. and K. Fj. 
Allen and Arkarov, Tagrubskii, and Nemnonov/'^ illustrate the su- 
periority of chromium in tmm of this ])roperty. 


TaHLE 1. C/OEKEKaENT OF FhKTION FOU VAIUonS Metal CbMlUNATJONS 



Static*. 

Sliding 

Metiil 

Coefficient 

Coeflicient 

Reference 16 

Chromiuin-i)lated steel on (jliroinium-plated steel 

0.14 

0.12 

Clironiiuni-plated steel on babbitt 

0.15 

0.13 

Chromium-plated leel on steel 

0.17 

0.16 

Steel on babbitt 

0.25 

0.20 

Babbitt on babliitt 

0.54 

0.10 

Steel on babbitt 

0.30 

0.20 

Reference 17 

Bright chixjinium plate on cast iron 


0.06 

Bright chrcjmium plate on bronze 


0.05 

Bright chromium plate on babbitt 


0.08 

Hardened steel on cast iron 


0.22 

Hardened steel on bronze 


0.11 

Hardened steel on bal^bitt 


0.19 


Kontorovich and Arkharov found that bright chromium plat e 
against cast iron gave a lower coefficient of friction value than mat. or 
burned plates. Graham, Williams, and Wilson showed that thfj co- 
efficient of friction of chromium y)late against steel or cast iron in- 
creases rapidly with temperature. They concluded that the. inen^ase 
may be avoided by heat treating before y)olishing. Their studi(‘s re- 
lated to servi(;e on internal conib\istion engine cylinder liners. 
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Coefficient of Expansion 

Hidricrt "" found an average coefficient of expansion of 6.8 X 
10 -ft/oQ electrolytic clironiium in the temperature range between 
20*^ and 100“C. The coefficient of expansion at any temperature (/) 
between —75'' and 650^0 was shown to be expressed by the formula 
at = (5.88 + 0.01 584i — 0.00001163/,^) 10~®. Within the temperature 
range —100° to 700°(^, the length of a chromium plate specimen 
is expressed by the formula Lt ~ Lo[l + (5.88/ + 0.00774/^ -l- 
0.00000388/'^) 10“®]. He also noted a linear shrinkage of approxiV 
mately 1.1% during lieaiing the dc])osits to 500°C for the first timel 
During subsequent beating and cooling cycles, the (‘xpansion and con-\ 
traction were normal. Hnavi^ly ■* ascribed the initial shrinkage to re-\ 
lief of internal stress and closing up of voids between crystallites. 
These voids are a result of the decomposition of chromium hydride. 

Because of this unusual behavior, there is little hope that a basis 
rneial for cliromium plate can be found which will match the perform- 
ance of the chromium plate from chromic acid baths, during heating 
cycles. 

Melting Point 

The melting point of electrolytic (4iromium depends to some extent 
on its purity. Smithells and Williams reported the melting point as 
1920°C and suggested fhat this value is low. Grube and Knabe -- ob- 
taiiHid a value of 1890° dr 10°C'. These authors showed that the 
amounts of oxide normally encountered in chromium plate can affect 
tlu' melting point, so that no accurate figure is possible. 


Density 

The density of chromium plate varies according to the amount of 
oxide in the plate, the number and size of cracks, and the magnitude of 
internal stress. Brenner, Burkhead, and Jennings reported a sys- 
tematic study of the density of chromium deposited under various 
conditions. Values from 6.90 to 7.21 g/cc were obtained. The oxide 
content decreased as the density increased. After annealing at 1200°C, 
the density of the deposits increased to within the range 7.09 to 7.22 
g/cc. The density of pure chromium is 7.20 g/cc, as calculated from 
its lattice parameter. Therefore the reported values over 7.20 can be 
considered anomalies relating to the precision of the measurements. 
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Hidnert reported a density of 6.93 g/ec for as-deposited chromium, 
and this value is considered reiiresentative of most commercially de- 
l)osited chromium. 

Heflectincj Power 

Cobleritz and Stair studied the reflectivity of chromium j)lai-e ovc'r 
a light range from ultraviolet to infrared. For the visible range of 
light, 4000 to 7000 A in wavelength, they obtained rehectivity values 
between 02 and 72%, For ulb’aviolet light, the reflectivity ranged 
from 55 to 7^%, and for infrared from 62% at 7000 A to 88% at 

40.000 A. These high reflectivity values are usually retained oA'cr ])ro- 
longed periods of exposure of chromium ])latc because of the corrosion 
and tarnish resistance of the plate. The reflectivity is seriously re- 
duced when the plate is exposed to highly corrosive atmospheres. 

EnKCTiucAL Resistivity 

Electrical resistivity, like densily, is a measure of the continuity, 
purity, and general soundness of a metal. The number, distribution, 
and size of the inclusion-filied cracks in chromium arc related to tlie 
plating conditions. Therefore the electrical resistivity varies accord- 
ing to the plating conditions. Brenner, Burkhead, and Jennings'^ re- 
ported electrical resistivity values for a wide range of deiiosition con- 
ditions. They showed that an electrical r(*sistivity of about 50 to 00 
microhm-cm at may be expected for conventional chromium 

plate. After ann,^aling at 1200°C, the oxide inclusions are spheioidized 
and the cracks in which they originated aj*e no longer continuous. As 
a result, the resistivity of annealed electrolytic chromium aiijiroache.s 
a common value of 13 microhm-cm at 28''C, regardless of conditions of 
deposition. 

Internal Stress 

According to the theory for chromium hydride formation and d(!- 
composition during chromium plating, the cracks in the plate arci the 
result of internal stresses exceeding the cohesive strength of the metal. 
Cracking relieves these stresses to the point where they are no longer 
of suflicient magnitude to extend the cracks. All thick platcis are 
cracked, and all contain residual internal stress. Thin plates may con- 
tain even higher stress because they are restrained from cracking by 
the basis metal. 

Brenner, Burkhead, and Jennings ^ reported stress values as hiph as 

80.000 Ib/sq in. for very thin chromium deposits which were; not 
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cracked. Conventional plating practices i)r()(luccd thicker cracked 
plates having internal stress of about 17,000 Ib/sq in. Plates from a 
dilute bath at 85°C cracked little and contained stresses of 64,000 
Ib/sq in. Hume-Rothery and Wyllie also measured stress in chro- 
mium plate. Values ranged from 0 to 56,000 Ib/sq in., depending on 
I)lating conditions. 


CHEMICAL PROPERTIED 


OXJDA'PJOJN AND TaIINISH ReSTSTANCK 


The pleasing blue-white color and the oxidation and tarnish resist- 
ajice of chromium j)late are the main reasons for its wide ai)plication 
in decorative uses. liardTiess is also a factor. Actually, chromium 
1)1 ate normally has a very thin oxide film on its surface. This oxide 
film is so stable, tenacious, refractory, and self-healing that it protects 
iJie metal underneath from further oxidation. Tlie ])late remains 
bright at temperatures up to 260"C. On jirolonged heating of chro- 
mium plate to temperatures of the order of 31 5 ^’C in air, the oxide film 
grows in thickness and dai’kens. At higher tempei’atiires, a black or 
green-black oxide layer is formed. At temperatures of the onk^r of 
1000"C, an oxide layer forms on the sui’facc and an extremely hard 
chromium nitride layer forms betw^een the oxide and the chemically 
unaffected i)ortion of the iilate.’^’ 

The thin oxide film on chromiinn j)late forms so (pnckly when plal- 
ing is completed that tarnishing of the plate is not likely to be en- 
countered. The chromium oxide is a satisfactory iirotection against 
sulfides which cause serious tarnishing of silver, copi)er, or nickel. 


Chemical Resistance 

The chemical resistance of chromium plate is not so great as might 
be supposed from its performance in air atmus])heres. Chromium is 
readily attacked by the mineral acids and by reducing solutions in 
general. It is strongly resistant to nitric acid, which heals the pro- 
tective oxide film, and nitric acid may be used to dissolve other metals 
such as copper away from chromium plate. 

The chemical resistance of chromium plate may be used to best 
advantage only if the underlying metal is completely covered. For 
that reason chromium i)lates for corrosive service should be about 
0.00075 in. thick or greater, to insure that the cracks are not continu- 
ous to the basis metal which is to be protected. 
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In general, cliroinium plate may be applied in the same types of 
corrosion-resistant service as the high chromium stainless steels at 
ordinary temperatures, depending on the physical properties required 
of the basis metal. 
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Cobalt 

llKNItY W. 


Cobalt coaling's aro vtay similar io iiirkt'l roatiiigs. Sin(!(‘ coball 
motal onsts several limes as imieh as niekel, llie inUirest in cobail p]a,l- 
in^ lias been relatively small and intermit! enl. According}; to Foerster ^ 
cobalt jilatinp, reiilaced nickel platint;' in (lermaliy during AVorld War 
1 bill disapi)ea,red again thereafter. Bergta*-^ indi(‘ates some coimner- 
cia,I use of cobalt on printing plates because of its hardness, and on 
mirrors and relleciors because of its high n^Hecting jiower and ils 
resistancci lo oxidation. On I his last point, Blum and llogaboom ■' 
stale that (‘.obalt is less resistant than nickt‘1 to corrosion attack, by 
limiting inks for example, a,nd it. oxidizes more readily at eh^vated 
lempera!.ur(‘s. 

Isaac Adams, '* the father of commercial nickel plating, recom- 
mended double sails of coball with ammonium or magn(\sium and laid 
down the same ruh's for the iireiiai’ation and operation of cobalt baths 
as for nickel baths. A summary of the early literature is provided 
by AVatts.’’ The first detailed study of cobalt plating is I'cported l)y 
Ivalmus, Harjier, and vSavell/' Its main effect was to stimulate interest 
in high speed nickel plating; it led Watts to th(‘ development of his 
single nickel salt bath. 

Ckissel and Montillon ^ and Brewer and Alontillon investigated the 
effect of jjII in single cobalt salt baths containing fluoride. Chaybany 
and Moore reported on imperfections in cobalt ^lejiosits. Chay- 
bany also discussed bright cobalt plating baths. 

PB1NC1P1.es 

The batlis commonly considered are the single and the double 
cobalt salt baths; both baths can be c>perated at much higher current 
densities than the corresponding nickel salt baths. 

*ColunibuL University, New York, N. Y. 
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conl-iiiiiinjj; fluorides iiisteud of chlorides liave been 
^esli'd,’’ with claims for l)etter bufferin*!: for whibu’ deposits 

than can be oldained with straip:ht cobalt chloride baths. However, 
the simultaneous use of boric acid and hydrofluojic acid in a double 
(‘obalt bath results in a tendtaicy toward pitting', ])inholes, and poor 
adherence, whereas hydrofluoric a(id aioiu' without, boric, acid is 
beneficial. 

Several othei' (‘obalt baths have Ix'en reported, including; col)al(. 
triethanolamine^^ and cobalt sulfamate *•* baths, both of which may 
meiit fu]‘ther study; cobalt thiocyanate bathsf’ which ajipearcd dis- 
couraf>;ing; cooi’dination cominmnds; and fused anhydrous colialtous 
chloride bat hs.^° Cobalt flakes have been iireiiared by adding 0.4 to 
0.6 g/1 C'SflSIllo)- to the sulfate bath, then breaking up the dejiosit 
by imiiact grinding. 

FUMCmONS OF CONSTITUENTS OF BATH 

The functions of the various cobalt bath constituents a]>i)ear similar 
1.0 those of nickel plating batlis. The cobalt salts furnish the necessary 
cobalt ions. As the cobalt, content of the bath is increasc'd, both the 
minimum and the maximum cathode current; densities are raised. DilR- 
cnlties in obtaining good coatings wer(‘ encountered with single cobalt 
salt baths having a low cobalt content, a condition which may well 
be associatefl with ina.dequate /dl control or ]jresence of impurities. 

Chaybany ^ snsj jcts that very small amounts of arsenic (>0.001 
mg/]) promote porosity and non-adlierence. The beneficial effect of 
boric acid in buffering cobalt iilating solutions has been exjierimentally 
demonstrated.-’*’ Fluorides, when added to the cobalt baths, also 
assist in the buff ering.'^ Uitric ;icid seems to b(‘ ol little value in 
plating cobalt. 

Kalmus and co-workers'’ sometimes obtained a ‘'‘bright de]K)sit, al- 
most as if buffed,” when ])lating on c.ast zinc from a C(»ba]t chloride- 
ammonium chloj’ide bath, indicating t.liat zinc ions may act as a 
brightener under proper conditions. (Iiaybany recommends a 
bright j)lating l)ath containing, besides the double col)alt salt, both 
formaldehyde and cadmium sulfate with ammonium acetate and 
acetic acid. Another bright cobalt, bath of ("hayl)any is composed of 
the double salt, a large excess of sulfuric acid, and, finally, hydro- 
quinone and sodimn hydrosulfite as brighteners. It is stated that hy- 
droquiiiorie may be replaced by pyrocateebol or by methyljjaramido- 
})henol, and that sodium thiosulfite, sulfite, and bisulfite act similarly 
to the hydrosulfitc in acid solutions. 
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Table 1. Bath Formulas 


fa) Double cobalt salt, Co(NH4)2(S04)2 
(h) Cobalt sulfate, (>^S()4-7H20 
Sodium chloride, NaCU 
Boric acid, HsBOa 
(rj Coi)alt sulfate, CoS04-7H2() 

Sodium fluorifle, NaF 
Jloric acid, liaBOs 
(d) ("obalt chloride, ('oCl2-hH2() 
Ammonium bifluoride, NH4ni''2 
Boric acid, H3BO3 
Water 

(c) Double cobalt salt, ( 'o(Nll4j2(S()4)2 
Neuti-ai ammonium a.cetat(i 
Free acetic acid 
V\ )j‘mal d eh y de (- 18 / 0 ) 

(\admiuTn sulfate,’^ C^dS()4 


• 6 H 2 O 28 oz/j^al (175 j;/l) 

67 oz/fi;al (504 j;/l) 

2 oz/j;al (17 j-/l) 
about () oz/j;al (45 ^/l) 

67 oz/gal (501 j;/l) 

2 oz/^al (14 g/Y) 

Y) oz/g;al (45 g/l) 

7 80 oz (50- 600 g) 

1 -16 oz (10 -120 g) 

6 oz/gal (45 g/1) 

1 gal (1 liter) 

■61Io() 28 oz/gal (175 g/I) 

8.5 oz/gal (26 g/\) 

0.1 oz/gal (1 g/Y) 

0 85 oz/'gal r2.6 g/1) 
0.02 r»z gal (0 18 g/ 1 ) 


‘ High(‘r c.onceiitratioTi when the temperature exceeds 25"C- (77°F). 


OPKHATlNf ; CONDITIONS 

The operahing conditions foj’ tin* ])ai4is lisl.ed in Ta4>le 1 are shown 
in liable 2. IJndoiibiedly bath (h) can also lx* operatcal at (Jinuited 


Table 2. Opekatincj Conditions of (V)BAm' Baths 


Until 

Current 
Density, 
anip/sq ft 

Tcmpoiaiure 

pH, 

elec'tronieliii 

(a) 

4-39 

Room 

r)..'5+ (cst.) 

il>) 

85- 1 68 

Room 

(est.) 

(t) 

28-47 

Itooin aiul up 

5.2 

(d) 

20 140 * 

Room and up 


(e) 


Room and up 

Slightly aciil 


* These values depend upon the cobalt c.onteiit and are still highei' at elevated 
temperatures. 

temperabuj’c with a corrc'spondiiig rise in the current density range. 
The addition of 1.3 oz/gal sulfuric acid or an equivalent amount of 
0.2 N hydrochloric or hydrofluoric acid to bath (a) had a tendency to 
decrease the porosity of the coatings.® The effetd of low pH operation 
on the efficiency of this bath is not stated. 

The high current densities indicated in Table 2 are most striking. 
Contrast them with the much lower values Avhich can be used in nickel 
plating. A i)ossib]e explanation is that Co(OH )2 is preci])itatcd at a 
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higher p}l than Ni(OII) 2 , namely at th.Sl against G t)(i from 0.05 iV 
eliloride soJuiionsd-^ Data indicate that., in the recommended pH range 
values, cathode current efTiciencies between 90 and 100% arc to be ex- 
pected. Kalmus and associates^ freiiuently stated tlial the throwing 
power of the cobalt baths is (‘xcelleni, but, no cpiaiitit.ative data are 
available. 

MAINTENANCE AND (U)NddU)L 

The metliods reconmiended for j)hysical and (‘lu'micail conti’ol of 
nickel solutions arc etpially a,])plicable to cobalt solutions, exce])t thal 
coiailt cannot be dctxu’mined by the standard cyanide method. Evans 
describes a suitable modification. 

Kalmus^ com])arcd tin* })ehavu)i- ol“ tlu^ cast, ami tlie rolled anodes 
and c(annic‘nt(Ml : ‘'(^asi anodes of both nickel and (‘obalt go into solu- 
tion much more rc'adily than the rolled anodes. With a number 
each in a, ni(‘kel or cob.alt solution the pi‘oi)ortion between tlie two 
may })c so chosiai thal the composition of the el(‘(drolyte rianains con- 
stant as th(‘ anode go(‘s into solution, thus the greater solubility of co- 
balt anod(‘s . . . as conijiared with nickel anodes . . . renders tlu‘ 
use of a hirgCM* projiortion of ]*olled anodes possible in the case of 
cnl)alt. . . 

Regarding cobalt anode c-om])osition, Kalmus states: ^^Tlie greater 
solution tension of cobalt in the ])hiting baths, a,s compared with nickel, 
rcndi'i’s practicable 11k‘ use of lesser amounts of iron, or no iron at all. 
Very [)ure co[)alt anod(‘s w(‘rc‘ leadily dissolved in tlui solution under 
the conditions of many of our best jilating tests.” It should be noted 
lua-e that Kalmus has i'ef(‘r(‘n(a‘ to solutions with little or no chloride 
as ccjinpared with thi' (]uantities used in modern nickel jilating baths. 

(h‘orgi st udies the anodic, behavior of cobalt and nickid and 
confirms tlu' difference betwt'cn the two metals. Thus in 1.0 N solu- 
tions of sodium sulfab' at pure electrolytic cobalt (0.51% Ni, 

()-()i% (hi) dissolved with 100% elticienc-y at current densities as high 
as TSG am])/s(i ft, whereas juire nickel (<0.0T5% Ch), <0.05% (3u, 
<0.05% E(‘) did not, dissolve at all at any current density unless the 
yTT of the solution was brought down to 3.0 or below. 

PREPARATION OF BASIS METALS AND 
FINISHING OF DEPOSITS 

The methods used m preparation of basis metals and finishing after 
plating in nickel plating are satisfactory also for cobalt plating. 
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TESTS OF DEPOSITS 

Kiilmiis and associates ® have claimed that cohalt provides fonr 
times the protection afforded by nickel, but their conclusions have not 
been substantiated. Pink and Lah support Kalmus^ observation 
regarding the superior hardness of cobalt dei)osits, finding the widtli 
of the scratch hardness micro-cuts to be 20 and 34 respectively at 
20r)-g (0.45-11)) loads on c.obalt and nickel plates from comparable 
solutions. Howev(U’, their corrosion tests, which consisted of alternate 
immersion in 2% sodium chloride solution for 300 hr (15 min wetting, 
15 min drying), showed the cobalt specimens losing 0.311 mg/sq cm 
while the nicki'l s])ecimens lost 0.264 mg/sq cm. Cobalt is slightly 
higher in the electromotive scries than nicked: -0.30 v as agjiinst 
- 0.23 V for nickel at 25^C;“'^ and its lower oxides are more easily 
soluble in dilute acids. 
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Copper 


Chopper is d( 3 ])osii(*(l from cytinidt' baUis fur a number of impoj’taiii 
fij)plic.ations. Deposition from low concentra-tioii striking baths is em- 
l)]oycd as a cleaning st(‘p; it gives a tliin him of co[)per which miiny 
believe to iin])ro\'e the adliesion and ])rotective value of siibsequentr 
electrodeposits. Heavier (iya.ihd(‘ copjier deposits are used extensively 
to prevent casehardening of s]M‘cifi(‘d arcais of ferrous metal surfaces, 
(lyanide coi)j)er deposit, s, wlien used as an und(3r(‘,oa,t foj' nickel- 
cbrojnium coatijigs, represent a sul)st,antial ])art of the tnlal thichness 
specified. Anothei* objective of cyanide co|)p('r wlaai aj)])liiMl as an 
undercoat, esi)ec.ial]y on zinc- or zinc-biise die (‘astings, is to jirc'vent 
deposition by imnuM’sion in subsequiad plating baths. Finally, thin 
coatings of co]qK‘r fi’oin cyanide baths are used for oxidized finishes 
a,nd other finishes, or as a jii'oteidive metal ovt'r silvered glass reflectors. 

Coiiper is used on st eed as an undercoat to effect savings in ixilishing 
and buffing costs, and as a means of iinjiroving metal distribution over 
irregularly shajied artiidt's, liy virtue of its su])(‘nor thrmving power, 
esiiecially in conjunction wit,h iienodic rtwersal of the direct cfirrent.* 
.During World War IT, and during tlu' Korean emergency, copjxr was 
used a,s a substitute’ for a substantial jiart of the total specified thick- 
ness of nicked, which was less available. ElecLroeie])Osition of copper 
from acid bafhs is extemsivedy used feir (dectroforining anel ele.’ctro- 
rehning anel to a lesser e^xtent, for electreiplating. The piyrophosiihate- 
ty]ie electreilyte introduceel in IlMl is also useel in ceijiiieu- plating. 


ROCHELLE COPlMiR 


A. Kenneth ChiAiiAM f and Hahoed ,1. Head f 


Befoi’e 1915 copper cyanide baths were invariably made by dis- 
solving copper carbonate in alkali cyanide. The use of tart^rates is 

*800 Reference 19 on page 212 
1 Graham, Crowley <fe Associates, Jeiikiiilown, J^a. 

X The Penn.sylvania State College. State College, Pa. 
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uieiitioned in very early refereiiees,*'--'^ but their value was ai)parent.ly 
not fully recognized other than in a combination cleaning and i)lating 
bath mentioned by Wa.tts/‘ No chemical control of the bath ingredi- 
ents was employed, and low current densities and km temiua’atures 
were generally used Deposits from these early baths were, therefore, 
relatively thin. They were used as a base for oxidized finish or other 
finishes. 

Since 1915 combinaLion alkali cleaning and copper plaling baths 
liave not enjoyed any extensive use, chiefly because of the difficulty of 
control and the demand for better quality. Instead, copper cyanide 
batlis of low metal and higli free cyanide content have beiai used for 
striking work with cop])(‘r. Such baths have some incidc'utal cleaning 
action and an* fa,v()red by many a,s a [>recaut ionary stej) in the ch'aii- 
ing cycle. 

Heavier copper coalings an* now generally usetl as an muh'rcoaf 
for nickel and chromium on zinc-liase die castings,' and (]uite fre- 
cpiently on ferrous medals.-’ The initial effort in t his din'd ion was 
limited to thin coatings of (‘yanide cujiper or to flash coiipe'r deiiosiis 
from (lie cyanide bath followed by lieavi(*r deposits from the acid cop- 
pej- bath, the latter being ojierated at a faster plating rate. H(‘ca,use 
of the demand for heavier de])osits at faster plating rai-(‘s from a bath 
with Ihrowing power supinior fo acid co))])er, the higher concentration 
copper (cyanide bath with relatively low free cyanidi^ was (‘inployed."- ' 


TaULK 1. CnASSTFK'Al'ION OF Ch'ANlDU CorPEll iU'l’IlS 


Bath 

Cleaiiei* 

Regular 

Cyanide 

Rochelle 

I'ype, 

High Con- 
centration, 
High Speed 

Purpose' 

(Cleaning, 

Incidental 

Incidental 

Plating 

striking 

cleaning, 

(‘leaning, 



.striking, 

striking, 




1 dating 

plating 


Rochelle salt 

Sonietijnes 

None 

Always 

None 

added 

In use today 

Occasionally 

Extensively 

Extensively 

Extensiv(d> 


. 

— 



- - - - 


It was thus possible to use higher temperatures and current densities, 
and to obtain heavier deposits and higher efficiencies. The types of 
copper cyanide plating baths are (ia,ssified in Table 1. 

I 

+ P rf0reiic(\s foi Ifjis ])nr[i()u of IIk' will Ijo found on 212 jiTui 212. 
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With the use of higher current densities and lower free cyanide, 
difficulty was experienced at the anodes. McCullough and Gilchrist ^ 
]‘ecommended the use of rochelle salt as a means of im})roving the 
anode performance. Unfortunately, they used a very low metal con- 
centration with practically no free cyanide, and even with rochelle salt 
present the bath employed by them was not entirely satisfactory. It 
remained for others to combine the advantages of their rochelle salt 
bath and Pan’s higher copper concentration batli to give the practical 
bath of the rochelle type used in r(‘cent years. 

Chopper, when uniformly de])osited, has the propeily of retarding 
carbon penetration into a steel base iu easc'hardening operations. 
Penetration of carbon was found to be a function of both the time and 
the temperat\ire of ti'eatment as well as the thickness and porosity 
of the copper coating. A thickness of 0.0005 to 0.001 in. and greater 
of c(Ji)i)cr is em])loyed to j)roteet i)arts of steel surfaces during case-- 
hardening where the carbon entei’s only the unplatc-d steel surfac'.es. 

To enhance further th('. brightness and fine-grained structure of the 
deposit from the rochelle type of bath, lead has been added with some 
marked success as a grain-n-fining and brightening agent. ('aldwell 
states that the adhesion of nickel dejiosited oA'er a lead-])rightened 
co])per deposit may be poor, but he rc-coiuuu-nds the following (auidi- 
l-ions for the most effective us(‘ of lead: 

1. High cathode current density, 60 to 70 am])/sq ft. 

2. A low copper cyanide concentration, 2.4 t-o 2.6 oz/gal. 

3. High pll, 12.6 lo 12.8 (colorimetric). 

4. High temperature, 7r to 77%l 

5. Low free sodium cyanide concentration, 0.5 to 0.7 oz/gal. 

Francis-Carter has rejiorted instances of English jiractice in the 

plating of zinc-base die castings at 60 to 80 amp/sq ft, where the 
tendency of the anodes to ]iolarize has been ovei'come by careful con- 
trol of the alkali content of the bath. A pH of 11.0 to 12.3 was recom- 
mended for operation at 60'’ to 70“O. The only difficulty encemntercMl 
in depositing 0.001 in. (0.0254 mm) of copper in 10 min was the neces- 
sity of providing a fume exhaust system to deal with the heavy gas 
evolution. In iVmerican jiracticc a minimum cop])er thi(‘kness of 
0.0003 in. (0.007G mm) is most commonly employed. The conditions 
are chosen to give a copper deposit of sufficient luster to iierniit the 
use of bright nickel and chromium without any buffing. It is doubt- 
ful that it is possible to o])erate as recommended above and still at- 
tain the results desired in American practice. 
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Rochelle copper platinj^ baths are used in d(‘j)Ositiiig lo]* e.aseliarden- 
mg and in barrel plating operatunis. The demand for bright copper 
as an undercoat for briglit nickel-chromium deposits, especially on 
zinc-base die castings, has resulted in the increased use of projmetary 
brighteners in cyanide copper batlis and briglit cyanide copper i)roC“ 
esses, with or without rochellc salt. Co])iH‘r striking baths are also 
being operated both with and without rochelle salt. 

The value of cofiper as an undercoat for nickel-chromium dei)osits 
over ferrous-base metals is subject to some uncertainty. Exposure 
tests on low carbon cold-rolled steel have shown that, with de- 
posits 0.001 and 0.002 in. (0.0254 and 0.050 nmi) in tliickiuvss, the 
protective value is higher for a nickel -chromium deposit than when a 
copper undercoat re])laces a portion of the total coating thickness. 
For a thinner coating the prescaice of copjK^r as an undercoat, is less 
satisfactory. Outdoor exposure tests * ol 0.001 and 0.002 in, (0.0251 
and 0.050 mm) ni(;kel-chromium deposits, with and without, a coi)per 
undercoat, over high carbon steel of bumper (piality indicate that the 
protective value is (iei)erideiit almost wholly upon the thickness of the 
]iick('l coating. A cop])e]* stilkc of the o]‘dej‘ of 0.0001 in. (0.00254 
mm), liowever, is j’C'garded l)y som(‘ to give better prot.ecticui than with 
jnckel a})plied directly to the steel. When comi)lete(l, the above- 
jn(‘ntiuned tests should give valua))l(‘ information on this point. 


BATH (X)NSTITITENTS 

The types of ro'‘lielle-cyanide co))i)er plating baths in current s\ic- 
cessful use are shown in Table 2. 

Bath 1 is freciueiitly used as a strike prior to a(‘id cop]K‘r or nick<‘l 
plating and is favored by many as a jirecautionary step in the* plating 
cycle. Tt is usually oiierated at a low temjxiraturc' ajid a low cunvul 
density and at relatively low currtmt efficiemey. In actual j)ractic.c 
there is no uniformity as to favored bath coini)osition and operatirig 
(amditions. 

With bath 2 lieavier deposits wdth satisfactory i)j‘opcrtics are ])()s- 
sible at higher current densities and high cuiTeiit efficiencies. These 
advantages are attained without excessive bai-h decomposition and 
associated difficulties in anode performance })y employing higlua- oper- 
ating temperatures, control of /dl, higher in(‘tal concentration, and 
substantial amounts of rochelle salt. Metal distribution and throwing 

* Bused upon curly observalionK of A.ST.M. test panels by A. K. ritahaiu. 
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Table 2. Tyi‘e.s of Rochei.le-Cyanioe Coite]i I^latinc; JLvths 


Jiath Number 







1 


2 


oz/gnl g/l 

'ryi)ic.al 
oz/gal g/l 

Aj)])r()\. Limits 
oz/gal g/l 

CuCN 

2.0 15 

8.5 20 

2.5-0 10 15 

NaCN 

;l() 2;^ 

4 . 0 85 

.8.5-7 20-58 

NaaCO, 

Rochelle salt 

Variahic 

4.0 80 

2 S 15 (>0 

(KNaC4H4()r. 4H,()) 

Not goiicj allv 

0.0 45 

4 S 80 t)0 

CCu 

1.4 II ' 

2 5 10 

24 15 80 

Free NaC^N 

O.S 0 

0.75 54) 

0.5 1 8 S 7.5 

NaOH to give />li 

V ai’ial )le 

12. () 

12.2 12. S 

. . 




_ 


j)()wor with l)iitli 2 niv superior to those attainable with cyanide coi)p(‘r 
))alJis upei’atiiij; at effici(‘ne.y. 

A tendency to develoji roii^liness and dilfitadtly bulTed deposits with 
iiici’easiiig weights of coating is a liiriitation coininon to all co])]3er 
cyanide l)aths. The inaxiioinii thickness of satisfactory plate attain- 
able will deijcmd on the character of deposit desired and tlie extent to 
which roughness can b(‘. a, voided by niethods of operation and control. 

Periodic reversal of the direct current during ele(drode])osition luis 
been j'e]iort.ed to inipjove t-he luster, smoothness, and distribution of 
copper dei)osits/-' There is some indication that the intejnal sti ess of 
the deposit may also be affected.-^’ Since the pro])ortion of cathodic^ to 
anodic C()in])onents in the cycle chosen influence the results, ther(‘ ai-e 
too few data available to di'aw general conclusions at iirescnt. 

P UNCTION OF C^ONSTITUUNTS OF BATH 

In the rochelle-cyanide co])])er bath, metal ions arc furnrshed indi- 
rectly from com])lex cyanide anions foriiuHl with the alkali cyanide 
employed. It is generally believed that most of the metal exists 
in the form of the tricomjilex [CJ^ufC'Nla] although the di- and tetra- 
complexes, [Cii(C'N)2~l and |C'U(C^N )4 = |, are known to exist.^'* 
(.Conductivity of the bath is increased by increasing both the uncom- 
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l)iiu‘cl Mlkali eyaiiulc and the eoneeiilriUioi) of the copper complexes.' 

III the latter case, eciiiilihriiiui sliifts to lower complexes occurring 
wilh increased temi)erature probably liberate free 
The caustic alkali that is used to increase the pll of the bath also 
increases the coiiductixdty. Sodium carbonate, liowever, contributes 
little, if anything, to the conductivity of llu* bath, but exerts a strong 
buhca' action at a pU ol about lO.o (coloninelric Trisodium 
])hos])lia,1e lias also been mentioned as a.n addition, and, wlien iireseiit 
in small amounts, it will buffer the bath below a p\l of about 12.2 
(eoloriinetrie). At pll values above 12.2 there is sulllcient alkali re- 
serve U) give tli(‘ e(]iiival(ail of a bufferc'd solution. 

R()cheJl(‘ salt, may form temiioiary eoinjih^xes with eopiKM* hy re- 
acting with products of electrolysis in the anode film. By its us(‘ a. 
lower eoncentrat.ioii of friv cyanide may l)(‘ enijiloyed without im- 
jiairing anode cori'osiun, and liiglua* current densities and ellicuMicies 
art' attained.^ Imiiruvt'inent a.t tlu^ cathode resnli.ing fi’om thti use 
of ruclielle salt is associated in part with the formation of comiilexes 
v^ itll basic sa,lts which may be jiresent. Smith and Muntoii have 
shown that the substitution of sodium iiotassiiim citrate for ruclielle 
salts in an otherwise tyiiieal hath eiiliant'es tlie ])liysical tpialities of 
tlie di‘])osit , hut dt'crt'ases both tlie eathoth^ and anode efliciencies, tiit* 
latter to a considerable t'xtt'iit. Tlit* tendency toward excessive anode 
])olanzatiun is more marked in the citi’ate solutions. The jioiassium 
content of the bath m the ])resi‘nc(' of tiu' eit-rait' ion has a dcicided 
and somewhat, com] ilex etfc'ct on (‘h'ctrode elliciencies. 

Soilium sulfite nd bisulfite have bi'i'ii ri'cnmineiah'd as additions 
to cojiiier cyanide batli^. Tin* effect of snifites, t.ogetlu'r with thiosul- 
fate, i,s somevdiat- obscure. It is known, however, Unit both ma.y im- 
jirove the brightiu'ss of the di'posit. This may result from tint forma- 
tion of sulfur cumiilcxes t.o which the cyanic le ('ojipcr hath is known 
to res])ond. ITiifortunaU'ly , the higlier cnri'eiit flensity and temjiera- 
ture usually employed with Uk' I'oelu'lle copjier hath ('ausc dccomjiosi- 
tion of these complexes and pre(a])it.a.iion of metal sulfides which have 
l)e('n found to cause seiious roughness, anode lilms, and irregular 
deposits. It may also be that, ihe formation of metal sulfides results 
ill purification of lh(i bath wdth respect to some foreign metal ions, 
thus improving luster in a manner similar to that involved when 
sodium sulfide is used in zinc cyanide plating liailis. 

JAiad in the form of sodium ])lumbite has been added as a brigbtener 
and more particularly as a means to i)rodu(;e a finer-grained deposit 
iirior to briglit nickel and cliromium.*’ Lead is codeposited with the 
copjier and must be added at regular intervals if uniform results are 
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to be obtained. The amount of lead rccjuired to i^ive optimum results 
jiiay vary from 0.002 to 0.001 oz/gal. The agitation, temperature^ 
current density, and bath concentration will influence the amount to 
be employed. Chemical control of lead coiutentration in the batJi is 
not simple, aJid the successful use of lead depends largely on the 
exj)erience of the operator. Baths with the lower lead content give 
brighter deposits but lower efRciencics at both anode and cathode. 
For uniform results t.he free cyanide must be closely controlled within 
the indicated limits by frequent analyses. Tt lias been rei)orted that 
the addition of 2 and 75 ppm of lead, as lead acetate, to a similar type 
of bath jiroduces contractile stresses in the deposit of 11,300 and 13,400 
lli/sq in. respectively 

The use of certain beta,ines or of thiocyanates jilus sucrose as 
addition agents foi“ tlu^ c-opiier cyanide baths has been patented 

.Rochelle salt concentration of about 0 oz/gal is usual. Wagner and 
Beckwith show(‘d that the oiitimum con(‘entratio!i was aliout 3 
oz/gal, somewhat lower elTiciencies being obtained at higher values. 
Since this constituent is lost chiefly by drag-out, the analyses should 
be fre(iuent- enough to maintain the concentration within the, desired 
limits. A higher average concent-ration reciuires less freqiumt jinalyses. 

A definite concentration of carbonate must be present to reduce 
anode pohirization, to improve 'pll control, and to prevent attack of 
iron anodes, etc,''’-^^’ In practice the carbonate concentration is some- 
times allowed to reach about 18 oz/gal when the excess is removed 
by freezing, or the entire batli is discarded. Wherevi'r refrigeration 
equipment is available, it is ])referable to maintain the carbonate con- 
centration below 13.3 oz/gal. 

OPFRATINCI (KINDITIONS AND CHARACTKRISTICS OF 
THE ROCTIELLE-OA ANIDE BATH 

A cathode current density as high as 70 ami)/s(| ft is used in i)rac- 
ti(‘e. Ordinaril}^, the brightest de])osits are obtained between 18.6 and 
56 amp/sq ft, depending upon the temperature and agitation em- 
ploy 

The anode c-iuTent density must be carefully controlled. A safe 
recommendation wo\dd be to have an anode area at least equal to twice 
the cathode area. Iron anodes equivalent to about 5% of the total 
area -have been suggested.^"’ The current density at the anode, there- 
fore, is alM^ays considerably less than at the cathode. 

A temperature of SO"" to is employed. The higher the tem- 

perature, the more raj^id will be the decomposition of free cyanide and 
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the formation of carbonates. Higlier temperatures also give higher 
efficiencies at both anode and cathode. A t.em])eratiire between 55° 
and 70°C is favored by niany.^"’-” 

A ?)H within the limits 12.2 to 12.S will give good results!'’ The 
lower A^alue will be moi'o difficult to maintain because of the poor 
buffer characteristics of the bath. Tn i)ra.cticc, a pU between 12.5 and 
12.8 is usually em])loyed. Too high a pH must be avoided as the anode 
efficiency may be prohibitively low. IVlaher ’*^ reports the elimination 
of blistering of plated zinc-base die castings when sub,iecled to heat 
]jy lowering the pll from the range 12.2 to 12.(i to about 9.4 when 
plating from a rochelle bath containing 0.8 g/1 Na^S^O.j. 

The average bath com])osition mentioned al)ove will give cathode 
efficiencies between 00 and 80% at 55°(' and between 70 and 40% at 
70°C wdien oi)crated at current densities of 18.0 anil 50 am])/s(i( ft with- 
out agitation. Agitation will raise these values somewhat. 

The anode efficiency for the same t)ath will be 50 to 70% at currents 
densities api)roxiiiiately half of those mentioned above. Agitation 
and higher temperatures will raise the anodic efficiency. 

Most pu])lislied data on throwing ])ower of the cyanide bath are lim- 
ited to current dc'usities under 9.3 amp/sq ft. At the higlier current 
densities and ti‘mperatur(‘s employed in rochelle copper plating, the 
magnitude of the ellei't of factors influencing throwing power may b(^ 
(juite diherent. Th(‘ grcaitest smgl(‘ factoi* iniiuencing throwing power 
and metal distribution a])i)ears to be the variation in cathode efficiency 
with curj’ent density. For this naison baths which oi)(‘rate at lOO/^- 
or nearly (umstant ^ athode efficiency within the current density range 
involved are more limiied in application, in that an I'xc.ess of intdal 
will be deposited on the high curnmt density ])omts before the mini- 
nnim desired thickness is obtained in th(‘ recesses or low currcuii 
density points. In otliei* words, lowering cathode efficiency by in- 
creasing the hydrogen evolution will increase the throwing power. 

The degree of agitation will vary greatly in different installations. 
Wherever possiblti, the iksgree of agitation is determined together with 
a consideration of the otluT variables alfijcting the character of the 
deposit. Agitation results in higher efficiencies, mon' uniform bath 
composition, more uniform anodes corrosion, and an increase in the 
current densities at which the brightest di'jiosits are obtained. 

Although numerous investigations of jiolarization j)henomcna have 
been made in copper cyanide solutions, only anode ])olarization has 
so far been studied in the rochelle cyanide salt bath, (iraham and 
Read'*^'^'^ have studied the influence of bath com])Osition, pH, and 
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current don.sity on anodic polarization for both C()])j)er and coppe]*- 
iron anodes at 55 '"C. In general, the polarization curves exhibit two 
points of inflection which hav(j been identified with the cui)rous and 
cupric reactions at the anode. Tlie effect of bath vai'iables on these 
reactions has been discussed. The most interesting information 
whi(!h may be found in a study of anodic polarization defines, for a 
given set of bath conditions, the limiting current density beyond which 
excessive polarization occurs."'^ Excessive*. ])()larization cause's insula- 
tion of the anode and usually nece'ssitate^s the removal of tlie anodes 
for cleaning. Variations in metal ceaitent and fr(‘(* c.yaniele* have liille 
('ffect on the limiting eairremi de*iisity If the carbemate contemt is high, 
the co])t)er may act as an insoluble .anode and exe'cssive polarization 
does not occur, (-hanging the* yd I from lO.ll to 12.S doc's ne)t greatly 
aff‘ee;t the limiting current, de'iisity, but at a y>II e)f Id d the anode does 
ne)t j)olarizc e‘xce‘ssively if carbonate's are' i)re*se*nt (the* e'fficie'nc.y , how- 
ever, dreijis to a vei'y low value). The prese'iic.e' of tartrates does not 
ovcrcemie the tendene*y of the* anode* to pe)larize e\C(*ssive*ly, although 
the allowable current de*nsity is raised wlu'u both carbonale'S and tar- 
trates are iircsent. If insoluble iron anode*s are used along with ea)pper 
anodes, higher aneule; current de'usitie's may be used because the iron 
tends in effec.t to depolarize the ce)pper. , 

MAINTENANCE] AND CONTROL 

Filtration e)f the roclielle salt bath is becoming mea-e common. 
Sme)e)ther, more* unifoi'in, bright ei* de*])osits may f]’e(]uenitly result. Of 
the available filter media, pai)e‘r backed with a. fairly open cloth or 
heavy ])a|)er elisks are the most, satisfactory. The use of filte*r aiel is 
leasing fave)r because of ])e)ssible silica (‘.emtaminatiejn of the* bath. 

The best way to eleal with iminirities is to jweve'iit them from (*nter- 
ing the^ bath. Proper ydl c.ontre)! and the pivsc'iice of a minimum con- 
centration of e'.arbonate* will ]uwent excessive contamination from 
irori.^*’ Iron has been shown to reduce cuiu'ent efficiency and unfor- 
tunately cannot readily be* remove*d from the bath. 

It has been repeu’ted that 0.(30134 oz/gal e)f lowers the 

cathodic efficieney in a cyanide cojipeu* bath and that the efficiency 
will be redue*.ed to zero by 0.0134 oz/gal Ch’+’h A slight excess of 
sodium hydre)sulfite, Na^S^O-i, aelded to the bath re^.duces i-he Cr^ ® to 
Cr ^ pi’ecipitates as hydroxide or will form a comi)lex with 

rochelle salt if present. In the latter case, Cr ^ ^ may be reH)xidized to 
Cr^^® at the ane)de, so that periodic additions of the sodium hydro- 
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sulfite must be made. A few grams excess of sodium liydrosulfite 
has no harmful effect at the cathode. 

Zinc resulting from die castings allowed to j’cmain m tlie tank can 
[)e remoA'cd by electrolyzing at room ti'mi)eralure at that current, 
density which gives tlie most brassy oi' off-color deposit. This is 
usually at 2 or 3 amjVJ^tl ft. Sodium suHide may be used to iirecijh- 
tate zinc, but an ex(iess will (aiuse irregulnr results. 

Activated carbon is sometimes used tt» advantage, pa.rticularly if 
organic contamination of the bath has occui'i'ed. 

llellige C(dor disks or /dl sets ecjuipjXMl with color tube standards 
and comijarator block arc most satisfactoiy for controlling pll. La 
Alottc violet indicator has been successfully used by many. It has 
bcc ‘11 found tliat jdl pa])ers are unreliable with (his bath. Thompson 
has indicated the magnitude of the salt errors involved. 

Hull cell i)lates or bent cathoile tests an' of value only in so far 
!is they are correlated with the bath variables and oja'rating conditions 
by the individiud opc'rator. Tf intelligently used, such tests are of 
veal value. This is i)arlicularly tj’ue of the Hull cell jilates when they 
are used to observe the bright j)hitmg current di'iisity range of a balk 
under definite oi)era,tiug conditions. 

Analytical Mkti-iods 

a )rpjojt 

Tlie copper content of the bath is usually (h'termined as follows: 

1. Put a f)-ml sL.iii)le of the hath, using a srimiiling burette, into a 
250-ml Ph'lcmiiey(u- (lask. 

2. Put 5 ml of conceiitj’ated nitric acid into a 50-nil graduate, and 
then cautiously add 5 ml of concentrated sulfuric acid. Pour this acid 
mixture', into the Krlcnmeyer flask unden- a well-veritilatod hood and 
shake. Boil until dense white fumes are evolved. 

3. Cool and arid 100 ml of distilled water, thc'ii warm until thoroughly 
dissolved. 

4. Cool and add concentrated ammonium hydroxide while shaking 
until a deei) blue color a])])ears. Tlien boil feij' about 15 min to remove', 
excess ammonia. 

5. Add 10 ml acetic acid (3i)% by veilumeij anel a pinch of sodium 
fluoride, sufiicie'iit te) comhinc with any iron. Boil to redissolve any 
copper compounds. The solution should rmw be clear and blue. 

6. Cool t.e) roeim temiie'.rature, aeld 15 ml of 30% potassium iodide 
solution and shake'. 
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7. Titrate immediately, using sodium thiosulfate solution (approxi- 
mately 25 g/1 Na2S20;{ ’51120 and 1.0 g/l of sodium hydroxide stand- 
ardized * against pure eopjier) until the brown color begins to fade. 

8. Add 2 ml of 1% starch solution (1 g made into a jiaste with cold 
water and then added to 100 ml of boiling water, cooled and decanted). 
Continue the titration until the blue color entirely disaj^pears, even 
after standing 1 min. 

9. The milliliters of the standard solution required multiplied by 
the factor (1.69 X normality of thiosulfate) gives the ounces per gal- 
lon of copper in the bath. 

FKEE SODIUM CYANIDE 

Free or uncombined sodium cyanide is analyzed as follows: 

1. Cool sample to room, temperature and measure 10 ml with a 
sampling burette into a 250-nil Frlenmeyer flask. 

2. Add 100 ml of distilled water. 

3. Add 5 ml of a lO^^i potassium iodide solution. 

4. Titrate with a 0.1 A sih'er nitrate solution (17.0 g/lj until a 
permanent turbidity is obtained. 

5. The volume of the standai'd silver solution multiplituj by the 
factor 0.1313 gives the ounces iiei* gallon of free sodium cyanidp in the 
bath, 

CAltnONAl'E 

Carbonates are determined in order to find out wlien to discard 
the bath or when to chill the bath for carbonat(‘ I’emoval. The method 
is as follows: 

1 . Place a 10-nil sample of the bath into a 250-ml beaker. 

2. Add 100 ml of distilled water and wai m. 

3. Add 10% barium nitrate solution while stirring ujitil no liiorc 
j)re(dpitatc forms. Allow to settle. 

4. Filter, adding a few drops of the barium solution to the filtrate 
U) be sure preeij)itation has been conqilete, then wash with hot water. 

5. Transfer the filter paper and jireeipitate to tlie beaker in which 
the ])recipitation was made. 

* To standardize tin; Lliiosiilfato solution, about 0.20 g of pure cojipor wire or 
turnings is accuratidy weighed, transferred to a 250-ml Erlennieyer flask, and 
dissolved with 10 ml of 1:1 nitric acid. Then add 5 ml of concentrated sulfuric 
acid and heat until heavy white fumes are evolved. Cool and proceed as out- 
lined above from 3 to 8. The weight of the copper sample divided by the milli- 
liters of thiosulfate solution used and multiplied by 15.73 gives the normality of 
the thiosulfate. 
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6. Add 50 ml of distilled water and a few drops of 0.2'/( methyl 
orange solution. 

7. Titrate with a 1.0 iV hydrochloric acid solution until a perma- 
nent pink color is obtained. 

8. The milliliters of standard acid used multiplied by the factor 
(0.705 X normality of acid) gives i,he ounces ])er gallon of sodium 
carbonate in the bath. 

ROCHELLE SALT 

The rochelle salt concentration must be determined ixTiodically , and 
the method of Stoddard as outlined below is j’ccomnu'nded; 

J. Into a 250-ml volumetric flask, measui(‘ exactly 2 ml of the plal- 
iiig solution. 

2. Add 100 ml of distilled water. 

8. Add a particle of sobV/ phenolphthahdn about the sizt‘ of a pin 
head. 

4. Add dilute sulfuric acid, about 0.1 .V, until the i>ink color of tin* 
l)henolphthalein indicator disaj)pears. 

5. Add exactly 5 ml of nitrobenzene (poison). 

(j. Add dropwis(‘, with constant shaking, a lO^e solution of silv(*r 
nitrate. The endpoint for the silver nitrat(‘ addition may be obsia'ved 
when the color of the pr(‘cipitate changes from white to blu(‘-gray. The 
silver nitrate removes all the materials which would ordinarily inter- 
fere with the subseciueni. st(‘ps. 

7. Shake the flask for half a minute or until the pr(‘ci]htate is en- 
tirely coagulated b ' the nitrobenzene. Add a droi) of silver nitrate* 
to make sure an excess is jireseiit. 

8. Add distilled water, making the solution u]) to tlie 250-1111 mark. 

9. Add exactly 5 ml of distilled water. This extra distilled wat(‘r 
makes up for the 5 ml of nitrobenzene which was addiMl earlier and 
whieh does not dissolve in the aqueous solution. 

10. Shake the flask well to insure thorough mixing. Tlie solution 
should now be clean and colorless while the nitrobenzene and the 
precipitate are present in the bottom of tlu* flask in a dark-coloriMl 
mass. 

11. Draw out exactly 50 ml of this solution for the permanganate 
oxidation. 

12. Run this SQ-ml sample into a 500-m] Erlenmeycr flask. (It is 
advisable to run check samples until the lollowing procedure has been 
mastered, and afterward whenever accurate results are required.) 

13., To the sample add 5 ml of 20% sulfuric acid, 5 g of manganous 
sulfate, and 100 ml of distilled water. 
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14. Heat the sample to 70°C and add slowly with ap,itatiori exactly 
20 ml of 0.1 N potassium permanganate. 

15. Allow the hot sample to stand for a few minuiies and then cool 
it to room temperature under I’unning water. 

16. Add 2 g of c.p. potassium iodide. Shake the flask lor 2 oi- 3 sec 
and then titrate with 0.1 N sodium thiosulfate, using a starch solution 
indicator. 

17. Subtract the numlxT of milliliters of 0.1 N thiosulfate used 
from the number of millilitei's of potassium peniiauganate, calcu- 
lated as 0.1 Nj originally added. This difference w^hen iimltiplie(jl 
by 0.0047 gives the weight of ilie tartrate as sodium potassium tar-^ 
tratc, or rochelh^ salt, in tlie 50-ml sample. Multiplying this result^ 
by 5 gives the weight of rochelle salt in 2 (‘-c of Ihe plating solution.' 
Multiplying this result by 500 givi‘s the number of gi'ams jx'r liter of 
rochelle salt. Tii other words, muKiplying the iiuinl)er of millilitei’s 
of 0.1 N permanganate r(H|uired for a 50-ml sa,m[)li‘ by the fatdor 
11.75 gives the number of grams pei' litej’ of rochelle salt. Jf the 
result is to be expi’essed in ounces per gallon, the cubic centimeters 
of permanganate recpiircal should be multiplied liy 1.57 

BATH pH 

# 

If pH is correlated with respect to the caustic, soda concentration of 
the bath, the following titraiion method of pll control may be used: 

1. Measure a 10-nil sample of the bath into a 250-ml Krhmnu'yei' 
flask. 

2. Add 10 ml of distilled water and cool to room leni})eratn/rc. 

3. Add 0.5 ml of La Motte sulfo-orange indicator and Ltrate with 
0.5 N acid (hydrochloric or sulfuric) to a yellow color. 

4. The endpoint is reaciied so gradually that moiHi accurate control 
is possible by using a separate flask containing 10 ml of a 20 /r' sodium 
carbonate solution, 0.5 ml of sulfo-oj*ange indicatoi-, and sufficient 
distilled water to equal the volume of the samiile being titrated, as the 
color to match for an endjxint. 

5. The concentration of causlic soda in ounces per gallon (apials the 
milliliters of acid used multii)lied by the factor (0.268 X ia)rniality 
of acid). This is not the exact concemtration of caustic* but, if 
the relation of the optimum 7 >H of tlu* bath to ilie (*a,ustic. value is 
once established, the method givers a A^ery satisfactory (control. 

Control of pH by the titration method mentioned above has the 
ach'^antage of indicating directly the approximate quantity of caustic 
present above the sulfo-orange^ sodium carbonate endpoint. The pll 
at this endpoint corresponds to 11.5, or that of sodium carbonate in 
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Wiit(T. Appi'oxiuialoly 0 75 g / 1 of cauistic s^oda will raise the y)H from 
this value to 12.7. For other yjFl values tlu' hiiffer curve luentioned 
below may be used in making adjustments. 

When colorimetric ydi measurements are emi>loyed, the buffer curve 
in Fig. 1 also iiroves very useful."**' The ap])roximat(‘ concentration 
of caustic soda or couciaitrated suliuric acid reciuircal to change the 
pW of any roclielle salt cyanide copper bath is indicated. Should it 


To lower pH, add cone (66“Be) 



lo raise pH. add NaOH 
0 1 07/Kdl NaOH = 2cc/gal 66“Be H.SO,, 
Approximately 30 cc H.,SO^ = 1 fl oz 


J [UilT('i' cuivc for rochclJr' (•o])i>oi’ ptatinj; b iMi 

become neci;ssary to lowei’ the pH liy the addition of acad, it is recom- 
mended that the acid be diluted with about two parts by volume of 
Avater {add ike acid to the vmter) and then added through a tut)c 
well below the surface of the bath with vigorous stirring. 


ANODES 

(kist ball, cast elliptical, or electrolytic; (;opper anodes are used. 
The latter hvo may lie used together with a small steel anode area 
(about 5%) as a safeguard against excessive polai-ization,^*"- and 
as a partial means of r(‘gidating the metal content, of the bath. 11 the 
anode current density is kept below the; critical A*alue at which ex- 
cessive polarization occurs,-' the corrosion products formed at the 
anodes are soluble in the bath with good efficiency. Above the critical 
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current density value the efficiency approaches zero. The anode 
efficiency may also approach zero, without excessive polarization at 
high current densities, if the carbonate concentration is high. If a 
heavy insulating film forms on the anode as the result of excessive 
anode current density, the anodes must be removed from the bath 
and cleaned. The film that forais under proper current conditions is 
soluble. Solution agitation at the anode raises the allowable anode 
current density and increases the anode efficiency, but may cause 
roughness if excessive. 

Uncombined cyanide, whether it is added as sucli or results fromi 
an equilifmuni shift from higher to lower coj)f)ei‘ cyanide conijilexesl 
with increasing tcm])erature, furnishes the (C'N)~ ions controlling' 
anode corrosion.^"'' The tartrate ion contributcis to anode cor- 
rosion, although the manner in which it functions is not clear." 


PREPARATION OF THE BASIS METAT.S 

Zinc-base die castings are usually cast under such conditions as to 
reduce to a minimum any ])()lishing or buffing. By so doing, the fine- 
grained structure of the chilled skin surface is iireserved. Tn a sum- 
mary of commcnaal practice, Anderson indicates that there is con- 
siderable variation in the polishing and buffing treatment. In general, 
the jiarting lines are always removed by polishing. In this proccjss 
the entire surface is frequently polished. The ])olishing grain size and 
number of steps vary widely. A “180 grain” followed by a “220 grease” 
oi)eration is general practice. Sheepskin, felt, and cloth wheels are 
used. 

In many cases no color buffing is done. AVhen the die castings ai'e 
color buffed, trijioli or a combination of trii)oli and lime for a cut and 
color operation is employed, either loose or stitched buffs being used. 

The cleaning of die castings involves degreasing with solvents, cmul- 
sion-type cleaners, or immersion alkaline baths, and mild clectroclean- 
ing followed by a mild acid etch prior to plating.^"’ The electro- 
cleaning, regardless of whether it is anodic or cailiodic and irre- 
spective of the particular acid employed, must be sufficiently mild to 
preserve the finish and to give no staining. The cathodic procedure is 
more likely to cause staining of a permaiienl nature, whereas any 
stain from anodic treatment can be dissolved. 

Ferrous metals are given various polishing, buffing, and cleaning 
treatments depending upon whether one is dealing with cast or mal- 
leable iron, low or high carbon steel, cold-rolled stampings, or hot 
forgings. The nature of the contamination, whether a drawing com- 
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pound, lubricant, j)olisliing composition, or oxide, determines the re- 
quired cleaning treatment. Obviously, there cannot be the uniformity 
of treatment that exists with zinc-base die castings. Therefore no 
attempt will be made to discuss these treatments other than to point 
out that satisfactory rcisulls depend upon fi'eedom from films and 
solid matter on the surface to be co])per-i)lated, aiul the better the 
luster and finish as tlie work enters the coj^per batli, tlie smootlun', 
brighter and more uniform will be the deposit. 

M(‘yer '^“ recommends plating copper from a low pl\ (“,yanid(‘ bath 
directly on a treated aluminum surface. If tlie aluminum has been 
buffed, it must be preclcaned before it is given the Following ti'cai- 
ment. The ])arts are first cleaned in an alkali cleaning solution. TUv 
smut, which may contain iron, cojiper, manganese, nickel, or mag- 
nesium oxide, is remoA’ed in a solution 2 jiarts nitric acid and 1 ]iart 
water by volume'. To remove a smut containing silicon, a mixture' 
of 3 volumes of concentrated nitric acid to 1 volinne 50% hydrofluoric 
acid is recommended. Tlie subsequent rinse should be at room tem- 
perature. The jiarts are then imincrsed in a zincate solutjon contain- 
ing 7 A to 9.4 oz/gal of sodium hydroxide at 20^’ to 70°C. . The parts 
should preferably be agitated initially to remove the water film. The 
treatment time varies for different alloys. An aluminum-silicon alloy 
requires 5 to 10 sec., pure aluminum requirc;s about 10 sec, and alumi- 
num-copper alloy recpiires 1 min or more immersion time. The recom- 
mended conditions for copiier i)lating were 26.5^ to 32°C, a free cya- 
nide concentration liclow 0.4 oz/gal, and a pll below 10.5. An initial 
current density of 10 to 30 amj)/s(i ft for 1 min is followed by a normal 
value. 

A jiatent has been granted which covers tin* us(‘ of the following 
dipping solution for the preparatory treatment of aluminum; 


Water 

1 Kal 

1 1 

Caustic s(3(la 

53.5 07, 

400 K 

Zinc oxide 

10.7 07 

80 f- 

Copper (e.g., in form r)f 



potassiuni-c.o] )pe?’ 



cyanide) 

0.27 07 

2g 

Sodium sulfite 

3.34 07 

25 k 


TEST OF DEPOSITS 

The thicknesses of coj)per deposits now employed in composite coat- 
ings pn steel and zinc base die castings are illustrated in Table 3. It is 
interesting to note that copper represents from 40 to 60% of the total 



210 


MODERN ELECTROPLATING 


Table 3 , Specified 7'hicknkss of Copper Foit Cu-Ni-Cr Coatings 


Oil Steel 






Allowable 

Total Thic.kncsSjt 

C()i)j)ci’ Thickness, 

Copper Using 

minimum 

inimmum 

Minimum 





Nickel 

in. 

mm 

in. 

min 

total min 

0.002 

0.050S 

0.001 

0 0251 

50 

0.00125 

0.03 IS 

0.000(i5 

0.0l()5 

52 

0.00075 

0.0190 

0.00035 

0.0089 

47 

0 0004 

0.0102 

0.0002 

0.0051 

50 


On ZiiK'-Jiase Die Ciistiiif^s 

Allow iibl(‘ 

Total Thi(*kijesH,t Copper Thickness, Copper I Tsiiif; 

ininimuin niiiiiuiuni Minimum 

Ni(‘,k(‘l 


in. 

mm 

in. 

mm 

total 

0.00125 

0.0318 

0.0004 

0.0102 

()0 

0.00075 

0.0190 

0.0003 

0.0070 

()0 

0.0005 

0.0127 

0.0002 

0,0051 

40 


* For coinjilete Sjieiafieation data, consult A.S.T.M. Tentative Specifications 
A16G-45T and B142-45T (19*10) for steel- and ziiK^-base die c-astinfiis respectively. 

t Heavier coatings for more severe service. 

inininuim thickness specified. For the heaAdc]' coatings greater thick- 
nesses of cojijier and less nickel may be used should the latter become 
less available. 

The microscopic method of delermiiiing thickness is most com- 
monly recommended. The Aminco-Brenne]’ Magne-Clage may also 
be employed to advantage for coiiiier deposits on iron or steel. 

Tlie llull-Strausser test'^*’ has been develo]ied for determining the 
local thickness of copiier. The following solution is recommended for 
this purpose: ferric chloride (FeChrhH^O) , 00.3 oz/gal; antimony 
oxide (SboO;!), 2.7 oz/gal; liydrochloric acid (cone. c.ji. T19 sj). gr.), 
200 ml/l; glacial acetic acid (CHhCOOH), 250 ml/L 
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On copper-plated fc>locl tl\e endpoint is a l)right clean spot contrasting^ 
with the copper, but over zinc the endpoint, is a ilull black spot which 
shows in contrast with the copper. The thickness of tlie deposit is 
calculated by using the stripping factor of 20 sec 0.0001 in. of copi^er. 
An accuracy of il0% can be obtained for thicknesses varying be- 
tween 0.0001 and 0.00G2 in. (0.002r) niiii to 0.157 inni). It is claimed 
tliat results closer to the true thickness can b(‘ oblaimHt by maintain- 
ing the temperature al. or neai* 24"C and regulating the rate of drop- 
ping to 100 drops/min. Ordinarily, the test solution should be keiit be- 
tween 21*^ and 27'^’C, and the rate of drop[)ing should be maintaiiuHl 
within the picsculbed limits of 90 to 110 drops/min to obtain the 
accuracy claimed above. In testing luaiwy (h'posits, of 0.001 in. (0 025 
mm) or more, it is recommended that one wi])c the area exposed to the 
solution with a chain cloth at intervals of 3t) or 45 sec to facililaie 
closer (let(‘rmiiiation of the endpoint. 

A simple tost has lieeii devised to determine whether an adequaU' 
Ihiekness of eo]^i)cr has been aiiplied to iirotect steel against ease- 
liardcaiing. 44ns consists in apiilying to the surface a dro]) of 1:1 
nitric aeid and noffng the imu) required hefori* the coiiper is dissolvetl 
and the sled attai'ked A drop is allowed to remain on the siirfaei^ 
foj‘ 9 see. It is th('n wijXHl or blotted, and the ])rocess is lopeated until 
a brown sfaiii shows the steid to be exjxised. One drop for 9 sec*, is 
ccjuivaleiit to .0001 in. (0.00025 mni) ihiekiuiss of copper. This thick- 
ness will 1)0 adecpiate to protect the surface while c.iisehardening to a 
(lei)th of 0.002 ill (0.050 mm). 

Since roelielle ceopcT de])usits are ne\ei‘ used as the final coating 
for severe ex])osurc and, wluai enqiloycd in mild exposures, are usually 
oxidized or colored and always lacquered, they are seldom, if ever, given 
a,ccelerated corrosion t(\sts. 

Tensile tests of co])p(ir electrodeposits have, not been r(*quircd as 
l)art of thci siiecificaXions for plated jnoducts. Fuiidsimciital (kata ou 
the relation lietweeii hardness, tensile strength, yield strength, per cent 
elongation and internal stress, and the ell(x‘t of variations in the j)lai- 
ing bath eomiiosition and operating coudiiions remain to be deter- 
mined. 

A method of determining the stress in coi)per deposits has been 
reported. In this report Qrahain and Tloyd showed that the stress 
increased with increase in current density and with the addition of 
lead (2 to 75 ppm) to the plating bath. As the temjierature of the dep- 
osition increased, the stress in the deposit decreased. Increasing the 
co])])( 7 r concentj'at ion of the bath decreased the stress in the* deposit. 
The addition of potassium thiocyanate (2 oz/gal) produced an ex- 
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j)iinHivc stress instead of the contractile stress usually observed. The 
inapiiiude of the stress values rej)orted varied from 15,400 Ib/sq in. 
(contTactile) to 5000 Ib/sq in. (expansive)- 



HIGH lilFlClENGY CYANIDE COPPER 

K. R and 1). A. Swai.heim * 

Paii^'f and otJjcivs showed that ])lain, high coneerjlration cyanide 
copper electT'()]yt(‘S could be ()j)(‘ratod at niodc^ratcly higl) current 
deiisiti('.s to give Iiigh cathodic; cffi(;iciu;i(‘s. Phis work was done at 
27"'C, and it resulted in dull, rough dcjxisits which wctc gc'iica'ally un- 
satisfactory at thicknesses of about 0.001 in. The r(;ccnt incoriioration 
of alkali, alkali thiocyanate,-’ and specific surface-active agcaits pea- 
nuts the dej)osition of bright, sinootli deposits up io 0.002 in. and ewen 
0.005 ill. under ideal conditions. These' electrolytes may be operated 
at current densities up to 10 to 35 ainji.'s(| ft by nic'chanically agitat- 
ing the work at rates of 4 to 10 ft/min. lliglier current chaisities may 
be employcal if this agitation is augnuailed through the use of “solution 
circulation.'’ Current densities in excess of 50 am])/sci ft have been 
applied successfully in cominca’cial practice by using combinations of 
agitation and solution circulation to obtain rajiid I’c^iilaccanent of the 
electrolyte film at the cathode surface*. 

Md. dll Pont do Noiiionis iV Co , Inc , NiatiuvM KidLs, N. ^ 
t Roh'ioncos for tins purhon ol ilio cljapliM' ivdJ bo found on ])ii£o 225. 
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The hi^li (^fiicioncy c-ytiiiido copiM^r l)lating baihs, introduced com- 
mercially in 19148, are now Ixang used extensively to produce copper 
deposits lo]‘ d(^corative surfii(‘es, ])er s(‘, as base coatings under nickel 
and chromium and as a stop-ofl' layer foj’ selective casehardening. 
These baths show excellent pei*forniance in peimitting relatively high 
j*ai-es of deposition under economical conditions of oi)eration. They 
f)rodiic.e de])osits of good brightness and ductility, even in h(‘avv 
coatings. 

Some of Ihe jiarts are intricate in design and i‘e(|uire ilu^ high throw- 
ing ])ower of tlie high (‘fli(hency baths to obtain sufficient })late thick- 
ness for ade(|uate corrosion iwotection on exposed but rec(‘ssed art‘a,s. 
The anodic and cathodic curriMit efficiencies are a.] iimixii nattily 100%; 
this gives adeciuate simplicity of chemical control and maintenance in 
commercial ojXM'ation. d^he installation of diai)hragms ’ in copper 
])hiting tanks has overcome most of th(‘ diilicultit's from i)art.icle rough- 
ness of deposits in th(‘ thickness range of 0,001 to 0.002 in. (k)i)j)er 
ions are c-iiin-oiis m the cyanide elech'olyli's and cu])ric in the acid 
baths. Thus, (he same amount of current (assuming 100% efficiency) 
will de])osit (wic(‘ as much copix'r from the cuprous cyanide bath as it 
will deiiosit from the acid or cuiiric electrolyte. This feature results 
in substiintial economies in th(‘ installation and ojieration of ])lating 
pow(T J‘aciliti(‘s. 

FUNCTIONS OF BATH (XINSTITIJFNTS 

(k)pj)ej‘ cyanide is insolubh' in water but dissolves in solulions con- 
taining alkali metal cyanides to form soluble complexes as indicated 
by the following ecpiations: 

CuC'N + NaC'N NaCu(('N )2 
NaOu((.^^N )2 + NaCN . ^ Nii.CuiC^h 
Na 2 CHi(CkN), + NaC^N Na.C^dCN)^, ete. 

The ratio of sodium and cojiiier cyanides cprresponding to 
NaoChitC'N);} is o])timum for the high efficicmcy electrolyte At a 
ratio corresponding to Na;AAi (('N) 4 , hydrogen is evolved at the cathode 
during electrolysis. The sodium cyanide in excess of Na 2 C'u(CN )3 is 
termed “free cyanide."' it is this “free cyanide" that controls the very 
low finite cunceni, ration of copper ions. The ionization reaction is 
rapid, and additional cuprous ions are siijiplied at th(‘ low conciai- 
tration level to replac^c those removed by eleidrolytic reduction and 
deiiosition. 
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The higher the ‘‘tree eyaiude'’ over lluit reciiiiretl for the oonij)]ex 
Na^Cii (CN );i, the })etter is the anoiiie corrosion. Excessive ^‘free 
cyanide'' will lower the cathodic efliciency. This is to he avoided, be- 
(‘anse a decrease in the cathodic ciHcieiu'y will cause* the prodneiion 
of de])osh.s having inferior qualily. Satisfactory (h'posits ina,y he ob- 
tained if no 'dree cyanide'’ is ])resent, hut anodit* corrosiein will he 
poor. The coinidexes formed l)y sodium cyanide and potassium cya- 
nide with coiiper cyanide are (]uite similar, e\c(*i)t that the iiotassium 
com])lexes are somewhat more soluble. 

Sodium hydroxide or iiotassium hydroxide is us(*d in high t'tTicieiicy 
cojiper electrolytes, ])rimarily to improve conduct/ivity . It is im- 
portaiit that the conductivity he fairly high ti) obtain satisfactnry 
throwing [lower. Tlu* alkali hydroxide* also im]n‘ov(‘s the (piality of 
the; (leqiosit.s and is a fa(*tor in el]mina,l.ing ('natic anodic corrosion. 

The thiocyanate functions mainly to give a brighter dejiosit." It 
a]s(> ini])rov(*s anodic corrosion and renders the (‘lectrolyte more toler- 
ant t-owa.rd various metallic and organic, contaminants. For examiile, 
as litt.le as 0.05 oz/gal of zinc metal contamination may cause trouble 
if no thiocyanate* is [uvsent in the bath. With the use of thiocyanate, 
a, conccait-ratiem eif 0.3 eiz/gal of zinc metal may be*, tolei’ateel De- 
leterious plating efte'cts elue to lead coinpounels in the bath are also 
minimized. 

Carbonates tcnel to builel u]) in tlie electrolyte during operation, 
because of abseirjitieai of (‘arbon elieixide from the, air, and by hyeh'ol- 
ysis and oxidatie)ii e)f the. cyaniele radical if the baths arc operated 
under conditions ghnig jiolarizatiem films on the anod(‘S. The latter 
condition should be avoided, since il will r(‘sult in a, rapid deviation 
from r('commended bath coni] )osit ions. Then*, are no ajijireciable de- 
leterious [ilating effects from alkali carbonates in conc(*ntrations u]) to 
about 10 oz/gal. Iliglu'r concentrations will lower the optimum cur- 
rent density range. Carbonate's, th(;refor(*, must. b(,* c.ontroll(*d to 
realize maximum sjieed of ]dating. 

Under most commercial jilating conditions, tlu* high elficiency (io])- 
per cyanide electrolytes inherently will show a tendency to jiroduce 
‘'])itt(‘d” deposits. Pitting usually is ])roduced by hydrogen or air 
bubbles adhei’ing to the cathode* surfaces. Freedom from jiitting may 
be obtained by the addition of certain quaternary ammonium deriva- 
tWes.'^ Continuous purification of the electrolytes with activated I'ar- 
bon is used to remove organic contamination. Organic addition agents 
of the/Svetting-agent" type also tend to d(‘crease the sensitivity of 
the electrolytes to organic contamination. This is significant, particu- 
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larly in operating large installations in which a reduction of the re- 
(juired frequency for activated carbon purification treatments is de- 
sirable. 


BATPT FORMI'LATIONS 

Sodium cyanide, potassium cyanide, or mixtures of both may be 
used with copper cyanide (see Table J). When mixtures are em- 

Table J. Cyanide Copper Bath Formulations 



Dll. Clam 
(\vainde 

Itochelle Tvpi 

CuCN 

2 oz/gal 

.3 5 oz/gal 

NaCN 

3 oz/gal 

4.0 oz/gal 

KON 

NaaOO, 

2 4 oz/gal 

4 oz/gal 

NaOH 


To pH 12 (» 

KOIl a 

NaCNS 2 

Surface-active agcut.« ^ 
Uncliclle .salt 


(5 oz/gal 

Temperature 

22 -24"C 

55-70 “C 


(72 7r)"F) 

(130-J58"K) 

Cathode c d 

5-12 

15-60 


ariip/fli) It 

amp/aq ft 

Cathode ellicicncv 

ijo -()()':;, 

30 70% 

DejioBit appeaniiice 

Dull rc.l 

Matte pink 


Iigh (’’one. 

dij I’ont K ' 

du Pont Na^ 

(Call 1) 

FonmijciLioii 

Fonmilatiou 


12 oz/gal 

8 oz/gal 

IG oz/gal 

14 1 oz/gal 

12.? oz/gal 

18 G oz/gal 

10 4 oz/gal 

Noiif addl'd 

None addl'd 

4 oz/gal 


5 G oz/g'il 

0 75 oz/gal 

2 0 oz/g‘tl 


10 iiil/gal 

10 inl/gal 

22-23 “C 

72 78“C 

72 78 T 

(72-74 "F) 

(IGI 172"F) 

(IGl 172“F) 

18 5 

10 40 

10-40 

:inip/sc] It 

anii)/.s(| fl 

ainp/Hi] ft 

%% 

-1 

01)'’;, 

Dull jnnk 

Bright 

Bi ight 


pkyed, the relative amounts of each niay bo varied within rather wide 
limits. The potassium formulation bath is rec.ommendeci for optimum 
results, since it is more tolerant to organic contamination and has a 
gi’eater operating fli'xibility. 

Some (ajiiipositions ai'c formulated in Table 2 to give comparable 
ojRTaling characteristics. Jf higher operating current densitii^s are 


CuON 

NtiCN 

KCN 

NaCNS 

NaOH 

Kon 

Anti“pit agpjit 


Table 2. Bath Formulas for Still Platino 


Na ' Fonimlatum 
10 0 oz/gal CHiO B k/D 
18 0 oz/mil (l.T'i'O k/1) 

2.0 oz/Kal (ir. 0 tr/l) 

■1.0 oz/Kal (30 0 g/l) 
10 iiil/gal 


Mixed FoitiiiilaLioii 
10 0 oz/gal (75 0 g/l) 
0.1 oz/gal (45 8 g/l) 

7.7 oz/gal (57 8 g/l) 
1.3 oz/gal (0.8 g/l) 

2 0 oz/gal (J5.0 g/l) 

2.8 oz/gal (2J .0 g/l) 
10 ml/gal 


K ^ Fonnulatioii 

8.0 oz/ga (00 0 g/l) 

12 0 oz/gal (9-1 5 g/l) 
0 0 oz/gul (4 5 g/l) 

5.0 oz/gal (12 0 g/l) 
10 ni 1/gal 


required, a liigher metal content may be used in eitlier tlie mixed or 
the potassium formulation. The lower solubility of the sodium salts 
lirevcnts the use of a higher metal content in the sodium formulation 
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bath. Tlic bath (.■ompositions given may vary ±10% without intro- 
ducing adverse plating characteristics 

The general operating conditions shown in Table 8 are recom- 
mended for still plating. 


Table 3 . Opeuatino (conditions eon Stilts Platino 


Cathode (iurrent density 
Anodic cui'ient density 
KMF 

Rate of deposition 

(cathode ellicicnc.y 
Anode efficiency 
Tein])eia,turc 
Agitation 

Anode to ca,tli()dc aiva j atio 


10 -40 amp scj ft 
10-20 

1 -2.0 V 

52.S am]) nnn/ scj ft dci)osits 
0 001 in. (‘Oj)i)CT 

00^!V,± 

70 80“(^ (158 17(i°F) 

2 15 ft 'mill 
Appiox. 2: 1 


In barrel jilating, electrolyte lorn uihd ions and operating conditions 
must be adjusted for the low cathodic and high anodic current densi- 
ties. The thiocyanate' - brightener normally is not used, the caustic 
content is reduced, and the “free cyanide” is inereased. The snrfaee- 
aetive agents*^ are considered impractical hecaiuse of the foam formed 
by rotation of the barrel. Bath eomjiositions and o])(n'ating condi- 
tions recommended for barrel plating are given in Table 4 


Table 4 . Bath C-ompositions and Oi'eratino ( -onditions 
I' on Barbel Plating 


(^liCN 

KCN or NaCN 
KOI! or NaOH 
pH 

Temperature 

Anodes 

EMF 


Dilute Hath 
8.(, (hO.O g/1) 

13.0 oz/gal (07.5 g/1) 

10.0 oz/gal (75.5 g/1) 

0.7 1.4 oz/gal (5.3 -10.5 g/1) 
0.5-1 .0 oz/gal 

12.6 (elect.) 

49°C (120°F) 

Pure copper 
3-4 V 


(U)DC. Path 

12.0 oz/gal (90.0 g/I) 

10.0 oz/gal (142.5 g/1) 

14.5 oz/gal (108.8 g/1) 
0.7--1.4 oz/gal (5.3-10.5 g/i) 
0.5-1 .0 oz/gal 

12.6 (elect.) 

66°C (150°F) 

Pure copper 
4-5 V 


Sodium hyposiilfite or lead acetate (0.5 to 1.0 oz/100 gal) may b(' 
used as brightener in the barrel jilating a])])Iication of high efficiency 
baths. The addition of about 0.25 oz/gal/day of sodium bisulfite is 
beneficial in improving dejiosit uniformity and smoothness. 


OPERATIMJ PROCEDUREIS 

The following discussions are general in nature because local pro- 
duction requirements will determine tlie actual operating details. 
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( 1 EN ERA L PrI N CIRLES 

Bociluse of llu‘ ubwonco of Ijydnjgen evolution there is substanliRlly 
no cleaning action at the siirfac'c of the part.s during the ])lating opei*a- 
tion. Cleaning of the j)art.s })rior to ])lating inust, therefore, be of the 
highest quality. Satisfactory results may be obtained through solvent 
degreasing followed by electrocleaning. If the cleaning is inadeciuatc', 
Ihe copper i^late wdll })i‘ inferior Wluai inadequate cleaning is used, 
the bath will re(|uire fi'equent jiuriticaiion treainients to rcMiiove organic^ 
(M)ntaiuinants. 

A (iopiHT strike plati* about 0.00005 iii. thick is a[)|)lied in a low^^ 
efficiency, (‘yanide (‘oi)per bath jirior lo j)la,ting in the high efficiency 
(‘lectrolyt(\s. 11iis pi'actici' is lollowed b(‘c.a.us(‘ the low “free cyanide'” 
content of the high effichaicy bath favors the formation of mechanically 
unsound immersion deiiosits wdien deposit(‘d directly on metallic sur- 
faces other than co])])er. Also, the hydrogen (‘volution at the cathodic 
surfaix' in the strike solution jirovides an additional sa,fety fact.oj' in 
cleaning, and decreiases the (‘xc(‘ssive contamination of the main jilat- 
ing electrolyte. 

The recommended lemjierature range of ttS"^ to for the high 

(‘fficieiKjy cyanide c()|)per electrolytes iKTinits operation at' current 
densities of 10 to 40 ami)/s(i ft at high eh'C'trode efficiencies 
The brightest plate is obtained at (i8'’ to 70°(h but the maximum 
cathode current is limitiul. Ojieration id< Unniieratures in excess of 
about SO'^Cl j'educes the brightiK'ss but incr(‘a.s(‘s the maximum cathode 
current densit}^ limit . 

Agitation is an imiiortant factor in realizing maximum speed of 
])lating from the processc‘s. The caithodc* current density, using 
cathode rod agitation rates of 2 to 5 ft/min, is limit(‘d to 15 to 20 
am])/sq ft. Oiieration at higher currcait d(aisities will give dull and 
“burned” dejiosits of inferior (quality. Higher catliodc'-rod agitation 
rates and solution circ-ulatioii are used to extiaid the useful ojierating 
range to as high as 60 to 75 amp/s(] ft in certain (‘-ases. Solution agi- 
tation has found wide application, particularly in the large' conveyor- 
ized units. 

The plating characteristics of high efficiency eU'ctj’olytes also can lie 
improA^ed by utilizing current maniiiulation teclmnnies. In usual 
practice the polarity of the plating current is rcA'^u'sed at periodic in- 
tci'vals by reversing the polarity ol the field current of the geaierator, 
or by means of a reversing contactor. The direct (plating) cycles dis- 
closed by Jernstedt may vary from 2 to 40 sec, and the reverse (de- 
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l)Uitiiig) cycles may vary from % to 10 see. Copper coatings of 
sujierior quality can he maile at greater speeds by current reversal 
operation than by coiivenlional method.^. Direct -current operation 
()1 the electrolytes at high current densities may give burned’^ de- 
posits of a dull and granular a])pearance after plating for periods of 
10 to 30 sec-. Momentaiy ] Hilarity reversal of the euri’ent removes the 
“biirn(‘fr’ or inferior metal and leaves a dcaise and smooth surface for 
lurtJier deposition. Tlu‘ net (‘urrent eirunency is lower because current, 
is used in deplating metal irom the parts. Tlowiwer, whiai higluM’ cur- 
rent densities ai'O uscfl, a jiet overall increase^ in plating speed results. 

The throwing power of the high (‘thciency electrolytes is im])roved 
by current reversal. D(^])osits of almost umtorm distribution may Ix' 
obtained over articles having irregular shapes This ])r(‘vents exci*ssive 
buildui) td' metal on high current density ari‘a.s and may yield signifi- 
cant savings in quantity of auod(‘s consumed. I)e])osit.s nutd(‘ by 
using (uirivnt reversal sliow a laminar tyjie of structure. Significant 
improvement, in surface smoothness residts when this techni(|ue is used 
in depositing co])ptT over a roughly jiolished surface. Chirrent rev(‘rsal 
co])])(‘]‘ plate is more du<‘tile than that ap])li(‘d with diivct current. 

The current, reversal techni(iue, as used wit.h the high efficiency 
cyanide coppc'r el(‘ctrolyt(‘s, is a recent (h'vadopment The high effi- 
cicaicy cyanide cojiper electrolytes ar(‘ basicadly ideal for use with 
current/ reversal. The observation that thiocyanate - functions as an 
anodic as well as a cathodic brightener may account, m jiart, for tlu' 
unusual results obtained from curnmt revewsal. 


\ NODES 

Cast or rolled cojiper anodes are not. n'comnumded, since they tend 
to form heavy sludge's eluring e'lectreilysis. Tliese sludges renluce the' 
current elensities at whie'h the aneieles may be e^iierale'el, ariel cenitj’ibute 
api'iriH'iably to roughiu'ss on iq)i)er horizontal surfae*,es of t/he cathodes. 
Klee-trolytie* sheed e-oppcT is ree'omme'iieieHl for anoeles, be'cause it intro- 
due*(\s lie) objectionable' im])uriti('s into tlu' hath anel may he' e)})erat/('el 
at high current elensities with miniminii feirmation of jieilarization films. 


Sonr^rieiN Tiltraiion and DiAniuAejMs ’ 

All aelequate filtratiein system is recemmurided in ojierating high 
e'ffie'ume'y e'yanieh' e',e)])j)(T ])la1ing electrolytes, especially for the' plaf.ing 
of hv^avy ek'iiosits in the I’ange of 0.00075 to 0.002 in. The hlteu* units 
shoulel be constructed of steel- or rubber-covei'cd steel to aveiiel con- 
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tiiJtiinjition with noii-ferroiiis metals such as lead, brass, bronze, and 
otlu’]\s which are soluble in the electrolytes. Filter aids of the cellu- 
lose and silicate types are used. High filtration rates, equivalent to a 
corniilete solution tui'novcu' in 10 to 15 luin, are recommended for solu- 
tions which are not e(iiiipj)ed with anode* and cathode compartments 
sejiai-aied by a cloth diaphragm. 



Particle roughness has been encountered in commercial operation 
of high efTiciency copjier plating jirocesses. Drag-m of foreign particles 
due to faulty cleaning, and the actual formation of metallic cojijier 
jiarticles at the anode, are the main causes of this difficulty. The 
particles introduced by drag-in on the work may be eliminated by 
imiiroved cleaning, and the roughness caused by particles foi'ined at tin* 
anodes may be jireventc'd by the installation of a semi-])ermealde can- 
vas duck diaphragm as shown in Fig. 1. 

A diaphragm-equiiiped tank is operated by pumping the solution 
from the anode compartment through a filter into the cathode com- 
partment at a sufficiently high rate to develop a slight hydrostatic. 
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head. The inrssiire 1‘oniied by tlie liydrosliitie head (‘aiises a solution 
How from the cathode to the amulc compartment and jn'events migra- 
tion of anode particles into the plating area. The pnmi) and filter 
system, in addition to its function in maintaining a i)ositivc-dircc- 
tional head from cathode to anode, also insures that the electrolyte 
111 each comiKirtment does not gel out of chemical balaiu^e as a result 
of electrolysis. For normal operating values this is ecpiivalent to a 
total solution turnover of once in 4 to 0 hi“. 



Fift 2, RoiislinrHS test for filter (tlliient, Sjiniple to be taken iinniediately b('- 
forc test. Tost iiiale should be 0.002 in nnnimuni. 

Catholyte filtration rates, equivalent t,o a comiilctc solution torn- 
over ()nc(‘ in every 2 to 5 hr, hav(‘ been lound suitable in most installa- 
tions; this removes insoluble material carried in on the work or from 
the air. A separate pumj) and filter may be used for the cathode com- 
partment, or a bleeder line from the cathode compartment to the low 
lu’essure side of the main pump may be installed as shown in Fig. 1. 

Complete removal of particles from the solution filtered in transit 
from the anode to the cathode compartment is required lor successful 
operation of the diaphragm system. Filtration efficiency may be 
tested as shown in Fig. 2. A sample of the effluent from the filter is 
transferred to a gallon beaker, and, without delay, a jilating test is 
made on a bent cathode. A deposit of at k'ast 0.002 in. should be made 
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at normal current den«ities, bagged insoluble anodes (steel is satis- 
factory) and vigorous solution agitation being used. Any roughness 
on the bent cathode shows unsatisfactory filtration. 

Copi)er strike solutions may show a tendency to i)roducc roughness,, 
and, in such cases, a diaphragm should be installed in the strike tank. 
The same i)lating test as used for testing the ('fficiency of the filter 
(Fig. 2) can be a])plit‘d to tin' strike solution. The bent cathode is 
chained and given a copjK'r strike. Half of th(‘ ui)per horizontal sur- 
face is then wiped with a clean wet cloth and subsequently i)lated as 
described above. If the wiped area is smooth and the uuwiped area 
rough, the roughness can be attributed to the strike. 

The sim})lest form of diaphragm assembly is the (Jatholyte In- 
closure. The diai)hragm is constructed in the form of a rectangular 
bag sufficiently large to enclose most of i,he electi’olytc up to tlui 
anodes. Brac(\s may bcj installed on ilu‘ anode side ti» maintain the 
shape of the diaphra,gm, since the pressure will Imlge the (‘-loth toward 
the ano(l(^s. The disadvantage of this lypt; of design is the possilhlity 
of damage to the diaplu’agm due to })arts falling from the racks An- 
other adaptation of tlie dniphragm ])rinciple includes suspending the 
anodes in m(‘ta.l frames enclosed in canvas bags. Solution from each 
anode compartment is i)umi)ed through the filter into the (.'tithode 
compartment. 

PUKIFI CATION 

High efficiency cyanide coppc'r electrolytes also reiiuire reasonable 
freedom from soluble impurities for oihimum jierformance. Methods 


Identity 
Dust, dirt, 
scale, etc. 
Organic mate- 
rials, soaps, 
oils, etc. 
Zinc, lead 

Chroniiuin 

Carbonate 

P'errocyanide 


Tahue 5. Methods of Puiufioatjon 


Sourc(^, 

Ail’, poor cleaning, poor 
housekeeping 

Poor cleaning and rinsing, 
tank linings, rack c-oatings 

Die castings, lead and pew- 
ter ciistings 

Dmg-in on racks from chro- 
mium tank 

Carbon dioxide from the air 
hydrolysi.s of NaCN 

Drag-in from piclding tank 


Decantation, filtration, dia- 
})hragms 

Precipitated Mg(()PJ)2 or acti- 
vated carbon ^ 

Elcckolysis or pi'eci])itation 
with Nh2S 

Precipitation with sodium, 
hydrosulhte 

Freezing or precipitation with 
Ca(OH)2 or Ba(OH)2 
Freezing or precipitation with 
Ca(OH)2 or Ba(()H)2 


‘ Most of these purification treatments require filtration. 
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of purification will vary with the type of cont animation. '^Pable 5 
indicates the general methods employed. 


COMMERCIAI. riATTNG 

The type of c(iui])ment used in plating from high elliciency cyanide 
copiier electrolytes is dictated by the type of parts to be jilatcd and 
the type of de]iosit required. Most still plating installations are small 
units, wherein the (|uaiitity of jilating condmded does not justify the 
enst of conveyorized eciuiimienl. The jiarts are mounted on racks 
which are transferred manually through the cleaning, copper plating, 
rinsing, and subsequent jilating opemtions. Plating time is deter- 
mined by tlie currc'ni density and thickness reipiired. 

In semi-automatic oiierations tlie racked parts are handled manually 
through the cleaning operation, but the plating ta,nk is ])rovided with 
a conveyor which is loaded anil unloaded at one ])osi1ion. The thick- 
ness of coating obtained is determined by the current density and the 
speed of travel of the conveyor, both of wliich can be varied as 
required. 

The cleaning, plating, I'insing, and drying of the i)arts arc conveyor- 
ized ill the fully automatic ty])e of operation. Time cycles in each 
tank are detc^rmined by the speed of the conveyor and the length of 
each tank. Current density, solution agitation, and bath temperature 
are adjusted to give the desired thickn(‘ss and appea, ranee of deposit. 
Tlui plating time cycle is usually about 30 min for heavy deposits. 

A typical plating ^ ycle in a fully automatic unit, for eop])er plating 
jiolished-steel parts such as bumi)er giuirds, grills, and other automo- 
tive trim jiarts, which are t<» be subseipKaitly buffed, is sliown below. 
Zinc die castings are treated in a similar manner, but the alkaline 
cleaning and acid dip operations are less drastic in action and are 
usually of shorter duration. 

]. Predeanuig. Solvent di'greasers, immersion alkaline cleaners, or 
spray washers arc used to loosen and remove the bulk of the oils and 
polishing compounds Ic-ft on the work. 

2. Electrolytic Cleaning. Parts arc cleaned elec.trolytically in a 
heavy duty anodic-type alkaline cleaner. This treatment should com- 
plete the removal of oil, grease, polisliing c.ompounds, and other surface 
contaminants. 

3. Water liinse (dip tank). 

4. Water Einse (combination dip and spray). This rinse insures 
substantially complete removal of all cleaning solution from the sur- 
face before the parts arc given an acid dip treatment. 



224 


MODERN ELECTROPLATING 


5. Acid Dip (hydrochloric or sulfuric). This dip neutralizes any 
alkaline film on parts which have not been adequately rinsed, and also 
removes oxide films. 

6. Water Rinse (combination dip and spray). Rinse should remove 
all acid from Step 5 before parts enter cyanide copper strike. 

7. Copper Strike. This solution improves adherence of subsequent 
deposits and minimizes drag-in of contaminants into the high effi- 
ciency copi)er plating bath. Strike solutions commonly used contain 
2 to 3 oz/gal CuCN, 0.75 to 1,5 oz/gal ‘Tree” sodium cyanide, 2 to 6 
oz/gal sodium carbonate, and are ojierated at 49“ to f)B“C at 4 to 0 
v. Parts are normally given a I^O-sec to 3-min strike. 

8. Copper Plate. 

9. Drag-Old, Recovery Rinse. This o])eration is recommended for 
recovery of electrolyte, wliich is then filtered and returned to the main 
]dating tank for makeup or maintenance. 

10. Warni Water Rinse. 

11. Warm Water Rinse. Steps 10 and 11 should coni])lete removal 
of all alkaline salts from the parts. 

Barrel plating equipment may be divided into two types: indi- 
vidual barrel plating units and fully automatic types. The parts arc 
usually cleaned in separate st-eel tumbling barrels, or in steel baskets 
in the individual barrel units. The ])arts are then transferred to indi- 
vidual ])lating barrels. After the ])arts are i)lated, the plating barrels 
are rinsed and the jiarts are removed for further rinsing and dj'ying 
operations. Electrically o])erated hoists are usually eini)loyed to 
transfer the bai’rels from one tank to another, lii fully automatic 
equipment all o])erations, including cleaning, linsing, plating, are per- 
formed mechanically. 

TIOSTINO OE DEPOSITS 

Most copper deposits used in decorative ])lating a])plications are 
plated with subsequent coatings of nickel and chronrium. The thick- 
ness of composite co])per-nickel-chromium plates is usually measui’ed 
by examining a suitably i)rcpared cross section of the electrodeposit 
under a microscope.^' The Aminco-Breimer Magne-Oage may also 
be used for measuring thickness of copper deposits on steel. This is a 
“non-destructive” test and is used extensively. The “droj) testing” 
method developed by Hull and Strausser can also be used for de- 
termining thickness of coi)per deposits. A solution containing ferric 
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chloride ((30 oz/gal), antimony oxide (2,7 oz, gal), and glacial acetic 
acid (250 ml/1) is used in this test. This method is reported to he 
accurate to within ±10%. 


PYROPHOSPHATE COPPER 

,1 . E. STAimcK * 


The i)yrophosphate copper ))latiiig solution t introduced in 1941 is 
used in the cop];)er plating of zinc, aluminum, and steel parts. It is 
also employed for such special api)lications as a stop-off for nitriding 
and selective carburizing/’^ a drawing lubricant for stainless steel and 

* United Chromium, Inc., Detroit, Mich. 

t Sold commercially as Umchiome alkaline copper. 

t References for this portion of the chapter will be found on iiages 230 and 231. 
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steel, and for the prevention of hydroj^cn cinbrittlement.^ Mucli 
recent interest is also shown in its favorable waste disi)osal i)roperties. 

The use of pyrophosphates in the electroplating field is not new, 
and references in the literature go back more than a hundred years. 
Early progress, however, was slow, i)artly because of the pool’ state 
of develo])ment of th(‘ art at tluit time and ])artly b(‘cause of the un- 
availability of ])roj)er‘ cominercial chemicals 

Roseleiir used a iiyrophosiihale gilding solution as early as 1S47 
and soon thereafter also recommended a jiyroidiosphate bath for tin 
plating, (lutensohn '■ obtained, in lStS8, a ])aient describing a pyro- 
j)hos])hatc‘. tyjie of electrolyte for the coj)p('r plating of lead, zinc, 
aluminum, and nickel articles. Since that time the names of Brand,' 
DelvaV Boyer,” and R(‘gelsbergev are th(‘ iirincii^al ones associated 
witli the statx' of tlu^ art up t.o about 1912 Except for a r(wiew (_)f the 
earlier references,'^ little further work seems to have been doin', in the 
field until tile early thirties. At that time Starec'k began studying 
the ])yrophosj)hai.e cojipc'r system first as a comj)onen(. of the electro- 
lytic. color plating solution The strong tendency, however, of such 
liaths to deposit co])])(‘r inelal rather lhan cujn’ous oxide eventually 
led to the sejiarate devc'lopment of the alkaline pyrophosphate coppei 
jdating jirocess which is in commercial use today. The in’inciiMil fea- 
tures of this Jirocess were descrilx'd in 1911 liy ('oyle.^’'^ Since that 
time a number t)f jiat-ents^' Inu’e been issued on the subject aiu 
several review articles have apjieared in tlu* liD'rature. 

PRlNCdPl.ES 

The bath most widely used today contains jiotassium (jojijier i)yj'o 
jihosjihate as an alkaline coinjdex comi)ound in aqueous solution 
Potassium pyrophosjihate reacts with cojijier jiyrojihosiihate to torn 
the highly soluble comjdex comiiound, KoCii (P^Oylii, which may b< 
isolated from the solution as the hexahydrate. The corres]:)ondinj 
sodium salt,"” Nar,(lu(P 2 C) 7 ):i'lbH 20 , is more highly hydrated. Ii 
either case the copper is present as the comjdcx anioTi, Cai(P 207 ) 2 “‘ 

Because of the greater solubility of the potassiimi compound and th 
higher D’ansference number of potassium ion, the potassium tyjie o 
bath is generally used in prefei’ence to the vsodiuin type. The superio 
(piality of potassium, however, is not unique with pyrophosj^hate com 
plexes, and today iDotassium salts ai'e common in other plating solu 
tions of alkaline com])lexes, as, for example, cyanides, lactates, an 
stannate. 
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BATH COAIPOSITION 

Besides copper and pyrophosphate, the bath in general use also 
contains ammonia, oxalate, and nitrate as auxiliary constituents. The 
concentrations of the various bath ingi’edients may be varied widely 
to give satisfactory plating baths. 

Tlie optimum c-oncentration rangci for (aich constitiuad. is given in 
Table ]. 

Table 1. Optimum Range of Ba'ih Components 


Analytical 

Crams per 

Ounces pcT 

Coiistitueiit 

Liter 

Cal Ion 

Copper 

22-38 

3-5 

I*yropliosphai.o 

150-250 

20-33 hi 

Oxalate 

15-30 

2 4 

Nitrate 

5-10 


Ammonia 

1-3 



The function of th(‘ jiyrojihosphate, as already indicated, is ro form 
a, highly soluble complex conii)ound with copjier. Some excess pyro- 
l)hosi)hate is desirables to increase tlu‘ conductivity of the electrolyte 
and to effect pro])er corrosion of the anodes. Tlie ammonia also assists 
anode corrosion and adds somewhat to the histei* of the dejiosit. The 
oxalate aids anode corrosion and hel])s sta,biliKe tlie pH of the bath in 
o])eration. .It also adds to tlie luster and general a]i])(‘arance of the 
deposit. Tlie main function of the nitrate radhail is to imuTasc the 
operating (‘urrcait density hy inhibiting the redmd.ion of hydrogen at 
ihe ujiper end of the current density range. 


OPERATING CONDITIONS 

The pyrophosphate coppcir plating bath may be operated over a wide 
range of concentrations, temperatures, and (‘urrent densities. The 
Ojierating (conditions most commonly used ai'e outlined in Table 2. 


I'able 2. Optimum Operating Conditions 


pH 

Ratio P2O7/CU 

Temperature 

Voltage 

Current density 

Current efficiency 

Anode to cathode ratio 

Air agitation (vol/sqft of surfacie) 


S.2-8-8 

7.0-8.0 

50-r)0°C (122 140°F) 
1.5-4 

10-75 arnp/sc| ft 
100% (approx.) 

1/1 to 2/1 
1 to 1 ' 2 cu ft/min 
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The pli of the solution is maintained between 8.2 and 8.8 in accord- 
ance with measurements by a pH meter or pH papers. If the pH is 
too high, anode corrosion falls off. If the pH is too low, the throwing 
l)Ower of the solution and tlie stability of the complex decrease. 

Operating current densities u]) to 75 amp/sq ft and higher may be 
used. The operating tenqierature is usually between 122° and 140°F. 

The efficiency at both the cathode and the anode is approximately 
100% under normal conditions of agitation and bath balance. 

Continuous agitation of the solution is desirable. Air agitation is 
preferred because it i)rovi(l(‘s good circulation of th(‘ solution and per- 
formance of tile anodes as well as of the cathode. It is simple and 
convenient, and is ])ermissil)le because it ]iroduces no buildup of car- 
bonates in the bath. Mechanical agitation is also satisfactory. Agita- 
tion of the solution incnaises the o])erating current density range, as 
does increasing temyierature. 

MAINTENANC^E AND CONTROL 

FlLTKATfON 

^ Either continuous or occasional batcL filtration is reiaimmended to 
remove dirt and insoluble matter which may otherwise give *rise to 
rough deposits. Occasional carbon tr(‘atment is used to remove oils 
and buffing comjiound contaminants. When carbon is employed, it 
must be completely removed from the solution hy filtration to avoid 
rough deposits. 

Purification 

The pyrophosphate copper solution is not sensitive to most of the 
impurities commonly encountered in ])lating operations. However, 
lead, cyanide, and oil are detrimental and tend to cause streaky and 
dull deposits and adversely affect the curremt density range. 

Lead contamination is jirevented by avoiding lead coils, linings, 
filters, or fittings. It may be removed by electrolysis. Cyanide con- 
tamination may be corrected by treatment with hydrogen peroxide. 
Oil is removed by filtration with activated carbon. 

Analytical Methods 

In the control of the Unichrome alkaline coyiper plating solution, 
analyses are made for copper, pyrophosphate, and ammonia. The 
nitrate and oxalate in practice are automatically regulated by yiropor- 
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tionate additions with the pyrophosi)hate inaintenaiieo materials. Tlu' 
following methods of analysis are nsed. 

determination of COl’PEU 

1. Pii)ette a 5-ml sami)le into a 250-ml Erlonmeycr flask. 

2. Add 10 ml of 1:1 sulfuric acid solid, ion and cautiously fake to 
80^1 fumes on the hot])late. Cool and dihiLe lo 100 ml wilh disiilled 
water. Heat 3 to 5 min and cool. 

3 Add 10 ml of ])otassiiim iodide soluiion (-100 g/1 potassium 
iodide) . 

4. liun ill standard 0.1 A sodium tliiosulfale solution (NaoS-ifhi) 
from a i)urette until the color changes from a bi'own to a light yellow. 

/i. Add 3 ml of starch indi(;ator solution. 

(). C'Ontinue the titration until the blue color jusl disappears. 

7. Calculate the ounces per gallon copjier ((hi) present according 
to the following equation: 

(inlNaoS/).,)(A^Na,S,(),)1.7 - oz/gal Cu 


DKI'ERMINATION OF PYROPHOSPHATE 

The pyroj)hosphat(‘ contcmt may be deti'rmined by the color indicat e)]’ 
method, in which the endpoint is indicated by the change in color, or 
by the electrometri(‘, method, in which the end])oint is indicated by the 
pH reading, a. glass electrode being used The prejiaration of the 
sample is the same for either method. 

Preparation of Scimple. The copper content is removed by trcatmimt 
with hydrazine sulfate and filtration with activated carbon. 

E ie c i rom e trie Tit in tion. 

T Pipette 50 ml of the filtrate from the sample into a 40()-ml beaker, 
dilute to 300 ml, add 3 to 4 drops of 1.0% phenoli)htlialein, and add 
concentrated hydrochloric acid a drop at a time until the red color 
changes to a light ])ink or becomes colorless. 

2. Immediately titrate with aiiproximately 0.5 N sulfuric acid i-o a 
pH of 3.8, stirring rapidly. 

3. Add 50 ml of a 125 g/1 solution of zinc sulfate and allow to stand 
for 4 to 5 min, with occasional swilling. 

4. Slowly titrate back to a pH of 3.8 with continuous stirring, using 
standard 0.3 N sodium hydroxide, and record the volume of sodium 
hydroxide used. 

5. Calculate the ounces per gallon of pyrophospliate (P4)7 H 
present according to the following equation: 

ml NaOH (pyrophosphate factor for NaOH) = oz/gal P-Ct 
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Determination of Ammonia. Ammonia is simply determined by the 
well-known Kjeldahl distillaticai method. The ammonia gas is ab- 
sorbed in excess standard acid, ami then back titrated with standard 
sodium hydroxide to a methyl red endpoint. 

ANODES 

Electrolytic coji]K‘r sheet or roll(‘d oU‘ctrolytic coi)per anodes are 
j)referred, though cast, anodes of good grade and i)unly have also b(‘en 
used satisfactorily. The aj)odes should be fi'ce of tin, nickel, silver,/ 
and lead, as these metal impurities teml to i)romo(.c‘ roughness of Ihel 
deposit. Normally the anod(‘s (‘.orroch' (‘venly and bags are not. used,\ 
as they uiterfei'e with the best solubility of tlu' anode by de(a-easing \ 
the circulation of the solution at the anode sin facc'. The anode cuiTeiit \ 
density can be fully as high as the cathode curnait density without, 
('ucountering passivity . 

PREPARAdNON OF BASTS METAT. 

The conventional cleaning cych^s in general use are satisfactory for 
pyrophosphate co])i)er plating, except that for steed and zin(‘, .die cast 
a jireliminary strike (h'jiosit is aiiplied. The strike solution may be 
a dilute cyanide coiijier, dilute j)yro])hosphate copper, nickel, oj‘ otlua' 
type. If a cyanide co]ii)er strike is used, adequate' rinsing or iirefei ably 
a milel aciel elij) fe)lle)vcing the' strike is recomnu'ueleMl pidor te) final 
ceijipeu' jdating in the iiyreiiihosjihate bath. No siiecial aedivating treat- 
ment after ce)pper ])lating is reeiiiireel before bright nickel is ajiplied. 

d'ESTS OF DEPOSIT 

Specifications fea- the' thickne*.ss of plate and incthe)els of testing Jire 
the same as the)se commonly use'el for other coiiiier de'jieisits. A sc'rie's 
of stanetarel specifications using copjier in ce)nibinatie)n with otlier 
metals has beeni adeipted by the Anu'rie'aii Se)e’iety for Te'.sting Mate- 
rials for use by industry. 



WAD (.OPPER ELEC I ROPLA riNG 
AND ELEC J ROFORMING 

AVjlliam Jl. Safjianek and j. Homku Wjnklfu* 


EleriT()dq)ositiun of (‘Oj)j)or from iicid baths is (‘xi,(‘iisivcly used for 
('lociroloriiinig, cdcctrorcdlnin^, iiiamif act lire of cojijier luiwder, and, 
to a lesser extent, foi’ eleclro])latiiip:. Kefiiiers and elc^ctiofonnei’s, in 
jiarticular, employ acid solutions b(‘cause costs of chemicals and current, 
are low and b(‘cause the baths are simjile and easy t o control. EUictro- 
formed coiiper articles (of manufacture) are jiroduced by several im- 
])urt,ant fields of industry, including electrotypes, sound records, band 
instruments, heat excliangers, and reflectors. More than 2500 tons of 
copper anodes are consumed in making electrotyjxjs, valued at inor'c* 
than $72,000,000 annually (1950). Modm-n methods of electrotype 
molding differ greatly from the jirocedures of Uk; early forties. Recent 
developments have been announced concerning the electroforming of 


^Battelle Memorial Tnslilule, Columl)\is, Ohio. 
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complex shajies wilb re-(‘ntnini which cannot be made by other 

methods, for radar, aircraft, and other industries. 

Electroi)laling uses of acid coi)per ])atlis include the building up of 
coi)))er undercoats for nickel j)lale on steel or zinc die-cast parts that 
are initially givtai a “strike^’ plate in a cyanide bath. Many thousands 
of such ])arts are produced yearly and are assembled into articles 



Eir. 1 I’lic' ('Ic'di-oJoiiosiOou of eopprr on iho ouIl'V siirfat-o of a sl-ccl cylinder 
for gruMirt' i)riiitinjj:. ( 'Vljncloi- ls being rotated diiiiiip; platiiif* operation. An 
av(M'aKc thickness of O.OUS in. is deposited for this purpose. (Courtesy of Art 
Gravure Corporation of Ohio, Cleveland, Ohio.) 

intended foi' military, industrial, residential, and office application. 
The extent to which acid baths arc used for this purpose has varied 
from year to year, depending on the relative costs of chemicals for acid 
and for alkaline baths and labor costs for buffing. Recemt develop- 
ments in bright plating may soon promote an increased utilization of 
acid solutions for depositing coj)])(t undercoats for bright nickel. 

Miles of steel wire are given a copper cyanide ‘‘strike” and plated 
with copper in acid solutions to ])roduce a high strength electrical cable. 
Thick deposits of copper (0.008 in.) are applied to steel rolls and then 
engraved for use in i)rinting and marking ])aj)er and textiles (sec 
Fig. 1). Plastics are coated with silver and then plated directly with 
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(‘opper from acid baths. Stainless steel cookinj^; vessels are co])per 
plated in acid batlis to improve tlie heat diitiision (‘haract('ristics of 
outer surfaces Copper ]datin^ for “stoppinf;-otT” carburizing; on se- 
lective areas is accomplished by striking in a cyanide batli followed 
by plating in acid solutions. Bidldmg up ol‘ worn or overmaehined 
parts is Bometimes i)erformed by acid coi)])ei“ deposition, es])e(‘ially 
when copper surfaces are desired for protection against fretting cor- 
rosion. 

Metal powders, produced by dei)osition in acid baths, are used for 
making sintered comi)acts and pigments. In t,he electrowinning and 
(dectroretining industries, acid baths are emidoyed exclusively. Mon' 
tliaii 80^/- of the domestic production of primary co])i)er is I'efiiu'd 
electrolytically. 


HISTORY AND DEVKLOPMRNT 

A literature reference to acid eoi)pcr dei)Ositi(ni was made as early 
as 1810.^ Tt is said that Bessemer plated small caistings in 18l'}3.“ The 
first ])atent disclosing a lU'ocess for making (‘lectrotypes was grjint(‘d 
to Jacobi in 1840.*'* Smee discussed commei’ciai co] )])(']■ [)lating proc- 
esses in 1843.‘ During the next seventy y(‘ars j)rogress was in'incaj^ally 
directed towai'd develojhiig s])ecific applications foi' acid coi)i)(!r elec- 
trodeposition. Publications dui'ing this j)eri()(l wc're ivviewed by Ben- 
nett.'^ Most of tlu'se reference's deal with co|)p(*r sulfate-sulfuric acid 
baths, but oxalate, nitrate,'^ acetate,^ fluosilicat-c',''- and cuprous chlo- 
ride ^ solutions arc also mentioned. 

h^ince World AVar 1 the liteniture has included much U'chnical in- 
formation and data on th(' copper sulfate bath. Winkler and Bandes ^ ^ 
reviewed some of these* ])aj)ers. The proce'-dure's used before 1930 for 
depositing (^oi)per from tlie sulfate bath were desciibe'd in diTail by 
Blum and Hogaboom.‘“ An early theeny of the action of a-ddition 
agents was discussed by Taft.’ * Otlu'r acid l)aths inve'stigated during 
this ])eriod were sulfate-oxalate-boi'ic acid,^' sulfate-oxalate,^"’’ cu- 
prous chloride, cuprous chloride-sodium tliiosulfatc'T'^ benzene disul- 
fonic acid,^'’ and cuprous iodide and bromide.^" 

Since 1940 the most significant development in the dc])Osition of 
copper from acid baths was the wmrk on fluoborate solutions,-’’-- which, 
in less than five years, Avere advanced to a ])ositi()n of commei’cial 
a(;ceptability. Until this tinui the copjx'r sulfiite bath was the only 
acid solution of commercial importance Tlie alkanc-sulfonic acid 
bath was also invented during this i^eriod,-’’ 1)ut it has not yvt attained 
a position of commercial significance. Another solution, sulfamic acid, 
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was reported to produce acceptable copper deposits."' A solution of 
cupric formate and ammonium salts was operated at a pH of 2.0 to 
4 . 0 .^^ 

New applications as well as new methods have been developed in 
recent years. In the field of el(H*.lroforming, especially, many new 
processes have been, or are, in i)rocess of commercial development. It 
is not possible to mention all literature referenc.cis to acid copper 
deposition in this space, since the total number exceeds U)00. Eor 
(‘xample, more than II. S. i)atents relating to (dectrotyping were 
granted before 1948."'’ Over 400 were issued from 1048 to 1053. 

PRINCIPLES 

The cui)i‘ic (Or* • ) salts in either the sulfate or the fliioborate bath 
are highly ionized except for small amounts of less ionized com])lex 
salts formed with certain addition ag(*n(s. The addition of sulfuric 
acid to the sulfate solution, or fluoboric acid to the f1uoboral,e bath is 
necessary for obtaining acceptable de])osils. Because of the high con- 
ductivity of commercial solutions, and because anode iuid c.athode 
polarizations arc^ small, voltages r(‘(iuii*ed for depositing copper are 
less for acid than for alkaline baths. Electroi-efining plants ,em])loy 
the copper sulfate bath largely for this reason. Tank voltages for 
refining copper are frecpiently as low as 0.2 v for a, cathode and anode 
current density of 15 to 20 ainp/sq ft.-'^ 

Anode and cathode polarization arc nearly negligibh^ in purified 
solutions used at low current densities. Even at the high cathode 
current density of 200 amp/S(i ft, a (i-v current source is ample when 
the solution is efficiently agitated Excessive polarization of the 
anodes in the sulfate bath might ocrur if the anode curnait density 
exceeds about, 47 amp/sq ft. With the fliioborate bath, the anode 
current density can be at least 375 ami)/s(] ft without encountering 
excessive anode polarization. 

Because of the low cathode ])olarization potential, the acid baths 
do not have as good throwing power as alkaline soli+t,ions. The plate 
distribution closcdy api)]’oximatcs the ])rimary current distribution; 
the deviation was found to be 10.8% or less for the sulfate bath.-'^ 
This disadvantage is lai'gely overcome in electroforming practice by 
appropriate current shields. 

Anode and cathode efficiencies are nearly 1007 o at low and high 
current densities. The rate of deposition obtainable is chiefly de- 
pendent upon the efficiency of agitation in jireventing excessive polari- 
zation. Acceptable deposits are reported to be secured at a current 
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density as liigh as 24U0 aiup/sM It, equivalent to 8.1)3 nnu/lir 10.148 
in./hr),"’^^ witli violent agitation. 

The character of copper de])osits is influenced by the concentration 
of copper salts, concentration of free acid, temperature, cathode cur- 
rent density, and the nature and degree of agitation. Dense deposits 
with good surface smoothness up to a thickness of 0.51 mm (0.020 
in.) or more can be lu'oduced without addition agcjds. To brighten 
or hai'den the i)lat(‘, one of sevt'ral addition agents can be utiliya‘d. 


FITOCTIONS OF HATH COMSTITUFNTS 


PUIMAUY ( -ONSTITUKN 1\S 

C'Opi)er sidfate and sulfuri(‘ acid, or copi)(‘r lluoborate and tluoboric 
acid, ai'e the jirimary constituents of (be sulfate and iluoborale baths 
respectively. The cupric salts furnish tlu‘ metal ions in solutions such 
as tliose given in Table 1. ('Ojiiier is d('])osited at very low calhode 
current densities fi'oiii the aiiueous solutions of the salts,‘‘^’''“'“' but at 
higher current dcaisitic's the deposits from the sulfate bath are s])ongy 
and (lontain occluded salts. Plat(‘ characterislics arc iniprovc'd, solu- 
tion conductivity is incrc'ased, and anode and calliodc polarization 
is grciatly reduced wluai fr(‘e acid is added to either solution. ’^’ Tlui 
acid also prevents the piecijiitation of basic sa,lts. 

The con(‘entration of copjier sullate is not particularly critical, al- 
though the solution resistivity is griaiter when the concentration is 
increased and ariode and cathode iiolarization are slightly reduced. 

A concentration of less than 8 oz/gal co])])er sulfate (CuS() 4 *5PDOj 
results in a decreased cathode efliciency.'’’ When very high cjithodc^ 
current densities arc used, a high concentration of copper sulfate, 
within the limits given in d^'able I, is recommended. The solubility 


Tablu 1. Formulations of CoMMEH(aAL Acjd Baths for 

J ) K POSITIN t! CoPRE R 


C’oppLT Sulfate Solutions 

Coppci sulfate, C^iSO.i ‘.rill-iO 
Sulfuiio acid, Hi!S04 
Specific gravity, at 25 (77 °F) 
Resistivity, at 2l°C (70°F) 


Average” Conceiitiutitj 
2.5 2 oz/gal (188 g/1) 
‘).0 oz/gal (74 g/1) 
l.ltifi 

4. 2-4. 3 ohm/cc 


Conccritiation J-iioits 
20.1- 33.5 oz/gal (150 -250 g/1) 
0-15 oz/gal (45-110 g/1) 
1.115-1.21 


Copper Eluoboiate Sohitious 
Coppei lluoborate, Cu(BF 4 )a 
Fluoboric acid, TIBF 4 
Boiic acid, llaBO.i 
pll (eolorinietric) 

Specific gravity, at 27“C (80"F) 
Re.sistivity, at 27 “C (SO^F) 21 


Low Coiicentmtioii 
29.6 oz/gal (224 g/1) 
2 oz/gal (15 g/1) 

2 oz/gal (15 g/1) 

J 2 1.7 
1.17 1.18 
7.3 ohm/ ce 


High Concentration 
59.2 oz/gal (448 g/1) 

4 oz/gal (30 g/l) 

4 oz/gal (30 g/l) 

0.2 - 0.6 
1 135 1.36 
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of (;oj)i)cr sulfate is decreased wlien the sulfuric acid concentration is 
increased. 

Cop])er fiuohorate is more soluble than copj)er sulfate. Metal ion 
concentration can be more than double in the fluoborate bath in com- 
parison witli a co])i)er sulfalc' solution containing 6.7 to 10 oz/gal of 
sulfuric acid. 

(Jhang(*s jii sulfuric acid concentration have more hifluciiice than 
cluinges in coi)pcj* sulfate concentration on solution conductivity and 
anode and cathode j)olarization. For examj)le, specific conductivity is, 
neai'ly douliled when the concentration of sulfuric acid is raised fromj 
6.7 to 13.4 oz/gal.*'^ An additional increase in free acid concentration^ 
to 26.8 oz/gal, which is the level widely used in electrorefining, re- 
duces the solution resistivity^ from between 4.2 and 4.3 to between 1.6 
and 1.9 ohm/cc.'^'' Cathode polarization decreases when a small 
amount, of sulfuric acid is added to a solution of copiier sulfate, but 
increases as the acid concentration is increased until a maximum is 
reached at about 6.7 oz/gal. Changes in the concentration of copper 
sulfate have little elTect on grain size, but some grain refinement was 
detected as a result of ima'easing the sulfinlc. acid concentration.^'''^ 

If the acid concentration in the fluoborate bath is too low (if pH 
is more than 1.7), dejiosits are dull, dark, and brittle. Borig acid is 
added to stabilize the bath and prevent decomi)osition of coi)per fluo- 
borate. The addition of boric acid slightly increases resistivity. In 
a bath with concentrations of more than 2 oz/gal fluoboric acid or 29.6 
oz/gal copper fluoborate, an increase in the concentration of cither 
the salt or acid results in a reduced resistivity. 


Addition Agents 

Addition agents for brightening, hardcaiing, grain refining, surface 
smoolhening, increasing the limiting current density, and reducing 
trees are freciuently added to the acid copj)er sulfate bath, but th(^ use 
of a pa]‘ticular addilinn must be evaluated for each application, be- 
cause undesirable characteristics can then be aAn:)id4?.d. For example, 
many of the addition agents that have been proposed result in jdate 
embrittlement. Deposition ])otentials are generally higher when addi- 
tion agents are added. Cathode })olarization is greatly increased by 
adding gelatin (0.0268 oz/gal) or glue.’'^- " Additions of gelatin 
or glue result in grain refinement, but this refinement is apparently 
chiefly undircctional, since the structure remains columnar but be- 
comes more fibrous.'*’ An excess of gelatin will introduce porosity or 
organic inclusions or both in the deposit. Vastly different plate 
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('haractcristics arc produced in baths containing’ g(‘latin from differ- 
ent sources. 

The effects of glycocol (glycine), one of the amino acid i)rodncts 
formed by hydrolysis of gelatin, have been established as similar to 
the effects of gelatin. Surface smoothcJiing and grain iH^finement 
result, but to a lesser exUait than when gelatin is added. Phenol- 
sulfonic acid is widely utilized in the electroiyping industry, l^eposits 
become harder and smoother after a hath has been electrolyzed oi- 
'‘dummied” for a short time after an addition of idienol or phenolsul- 
fonic acid.‘^‘' In comparison wilh the effects of gelatin or jhienolsul- 
foiiic acid, dextrin ajiiuirently has little effect.'^'’- Other addition 
agents that have been investigated are: iieptone,'^®' ‘‘ pyi'ogallol,*^ 
starch,^' urea,^^’ dimethylaiiiline,”' hictic acid/'' gum arabic (calcium 
and magnesium arabate) gum tragacanili.'^ liydnxjuinoiK^,''’ (jui- 
none,^*' sulfosalicylic acid,* hydroxylamine,*' benzoic acid," tannin," 
resorcinol,® triisopropauol amine, and tricddianolamiiie/^'* 

The smoothening and grain-retiniug tendencies of addit ion agents are 
sometimes associated with the formation of coinjih'x ions with copjier 
or of colloids at or near the interface of the cathod(‘. (lelatin or 
glycocol, for example, forms complex ions with chopper and also 
exists in colloidal form.”* Particles of colloids arising from additions 
of selenium and arsenic oxides havi^ been observed by ultramicroscoiiic 
(‘xamination to concentrate^ at tin; cathode.”” AVith O.Tl to 0.42 mg/1 
selenium oxide and 0.0065 to 0.13 mg/1 arsenous oxide, grain structure 
was refined, surfaces were smootheiKul, and the density was im[)rove(i. 
However, the abiliiy of a colloidal or ionic addition agent \o imiu’ove 
the dc])osit cannot be conclusively jiredictcd in advance on tlie basis 
of a gcmeral knowledge of its ionic or colloidal behavior in electro- 
lytes. Thus, in a cuiuic nitrate bath, colloidal-type addition agents are 
effective as cathode j)olarizers, but do not always result in surfacci 
smootluaiing or grain icfining.”'’ (h’ain-refining agents have oiteii 
been found to act as cathode polarizer's, yet others aided as ('athodii 
depolarizei's.”^ 

Phigiit Platios 

Mirror bright ])lates are deposited wlu'ii some addition agents are 
used with apjiropriate ojierating conditions. Thiourea (0.4 g/1) in 
combination with black straj) molasses (0 8 g/1) results in bright jilat- 
ing when the sulfuric acid concentration is 1.34 oz/gal and the tem- 
pei'ature is 2HC/”" This and similar baths were at one time used 

*R. Blum (IT. S. Bmviiu of St.jiiidiirds), private (*ummuninatinn to the authors. 
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for j)laliTif^ l:)riglit, iiridorcoat copper, i)reparatory to bright nickel 
plating. A combination of thiourea with naphthylaniine disulfonic 
acid and cadmium or nickel was imported to produce bright plate.*’* 
More recently, sulfonaled acetyl thiourea or sulfonated aryl and 
alkyl substitution products of acetyl thiourea were develo])ed for 
bright copper ])laling fi'om acid baths.**" Another process utilizes tlie 
sulfonation ])roducts of sidfurized aromatic com])ounds j)r(‘i)ared by 
reacting toluene with sulfur chloi ide or thionyl chloikh^ in the presence 
of anh^ufrous aluminum chloride and sulfuric acid.'** This process 
produces ductile jilates (hat are a good basis for ])lating briglit nickel 
and chromium without an internu'diale buffing op(‘rai ion. Acedyl 
(‘yanamide is jirojiosed as a brighiener for eitlier the sulfate or the 
fiuoborate batli.'’'* 


OlM^iATlNd (X)ND1TT()NS 

Jn practice, lemiieratures may vary from bS' lo (iO 'C; howevi'r, a 
temperature* b(‘tw(‘en and 4IT'(' is more common, since* the teau- 
l)e-'ratAire‘ caii be maintaiiu‘d (*ce)nomically with little or no luxating or 
e'oeiling. An increase* m the te‘mperatur(* of a pariicular solution re*- 
sults in a, highea’ (*(mdnctl^’ity a.nd reeiuced anode and cathodi* polari- 
zatieni.”’'’ One im'estigator reporteid that decreasing the* tempera,- 
ture; frean ITh” to 15"C' brought' about a considerable grain reTine'inent 
in plates de‘j)()sited a,t 2S amp/sei ft.’’*'' JToweveu’, the* erfe*e*,t of e*fiangos 
ill tenijierature ein grain structuj’e and suidace smeieithiie^ss is k'ss sig- 
nificant than the edTect eif changes in cathode current density. 

Chirrent density and agitation must be balaiie*(’d in order bo eibtain 
elejiosits having the desiieel charae-teristics and i)ro])er(,ics. For pro- 
elucing edeeTreityjies, cathode cunent densities of lot) to 200 amp/sei ft 
are generally e‘m]ilo3u*d wheai using the* sulfate bath agitated with air. 
Plating on fast-moving, endless wire can be ae*,(*oinp|]shed at -150 
amp/sq ft.**' Still highen- cinaent de'iisitie^s are iise‘d whem appropriate 
agitation conditions can be ajiplie'd. Inqnngmg of jets of electrolyte 
em the surface* of the cathodes is saiel to pe'rinit a curient density of 
2000 am])/sq ft. AVhen move*ment of the work is imiiractical or whe*n 
air agitation fails to preiviele gooel mixing at all significant, surfaces, 
the current density is usually kejit at 40 to 50 anqi/sei ft. It is claimeul 
that higher curremt ek'iisities are praedical with the flimborate bath 
when agitation is the same as for the sulfate bath."'’"- Acceqitable 
deposits 0.001 in. thick we're obtaineel without agitatiein at 850 
amp/sq ft. 
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111 either tlic sulfiite or the fiiiohorale hath, an hiereasc' in current 
dcn.siiy re.suUs in increased cathode jiolarizaiion (bid not (o the 
extent noted I'or many other solutions). Yel oiu' iin’esli^ator found 
that a.^itation had little effect on cathode polarization in (he siiH’ate 
bath (relative to current densities up to S;h5 a,ni]) s(| ft).'‘” Cathode 
films becoJiK' more ilejih'letl in cu])ric ion and more conceid rated in 
sulfate ion concentration when the current diaisily is ima-eased."^ 
Clear evidence lias beam rejiurted of grain refiiuanent iliie to iiuaiaising 
the current de]isity.‘’‘‘ An increase in curnait dcaisity from to (if) 
am])/sq ft J'educed gi'ain size to about, one-third.’* Anollita* invc‘sti- 
gator rejim ted that, high current deiisitii's resulted in grain redinement 
but jiromoted nodules and tree growth.'^'* 

PI-fYSTCAJ. PROPEJtTIES AND STlUH'rUPP OP DP.POSPrs 

(hjod strength, hardness, and ductildy aie wantc'd, es]i(M‘ia.lly lor 
(dectroformed cojiper The ])hysi(‘al jiropiadies compiled from pub- 
lished data on copiaa- deposited fi’oni acid baths aix* given m Table 2. 
Changes in copiier sulfate or sulfuiac acid conciaitration liave little 
effi'ct on hardness, streaigth, or dmdibty. It was riiportiMl (hat an in- 
crease in temperature or an increase in current density* resulted m a 
signiheant. reduction in tensik^ strength Thick |)lat,es pi'oduced in 
the “high conccait.ration” tluoboratc' batli an' similaJ’ in jiropi'ilies to 
most sulfate-co])per (k'posits. 

Copper detiosits from acid baths ari' generally miu'li less sti'essed 
than cop[)er jilat.es d’oiii cyanide solutions *' or ii'oii and nickel de- 
jiosits.'^' ddius, dimensional changes or (‘racking of ek'ctroforms, 
encountered wln'ii using some tyjies of jilating baths, is never (uic-oun- 
tered with cojiper deposited in the sulfate oi* tluoborate solutions 
(Quantitative measurements reveal that stress in cojiix’r jilab'd in the 
sulfate bath is only 1.0 kg/s(| mm (1100 Ib/scj in or less, (k'jx'nding 
on the nature of the basis inetal.^^ Stress is said to Ix' incrc'asc'd wIk'u 
gelatin, gum ai’abic, dextrose, or glycine is added to the batli.'^ 

Cojiper is deposited as face-cent(.'r(‘d (xibic ci-ystals tJiat arc* ran- 
domly oriented,*'^ unless dejiosited at less than 14 amji/scj It, when tin* 
basis metal can ex('rt an influence on the structinc* so that cry.stals in 
the basis lucinl and plate are oriented similarly."" Hardness has 
generally been associated with liiui gi*ains,''‘-"'’ ycd hardness (am be 
increased by introducing crystal orumtation in tlx* alisence, of gj*ain 
refinement. 

Without addition agents, the fluob(jrate bath, like the sulfate solu- 
tion, normally produces dc^posits that are columnar. Griun continuity 
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^J'able 2 . Physical Properties op Thick Copper Deposits 
PROM Acid Baths 


Type of Rath 

Hardness 
(VickeiB oi 
Vlo-keis 
Equivalnit *) 

kw/sii 

Tensile, 

in in 

Sii eiiKth 
lh/.4(| in. 

FloiiKatioii 
(% in 2 ill. 
or 5.08 cm) 

Clipper yulfate-sulfuiio iieid 

80 

25 

4 

30,000 

22 

Copper sulfale-Hulfunc and 

8J 

25 

5 

80,150 

22 

plus inolashOB 

81 

2.4 

2 

88,000 

21 

t)lus ihiouieiA and rnolansss 

170 

50 

5 

80.280 

8 

Coppei sulfate-HuifurK; and 

Coppei .sulftiie-sulfuric and^i 


28 

28 8 

20 5 

80 800 

88,800-87.700 

84 

20-80 

Copjiei sulfate-Hulfui ic and'''’ 

Coji))ei Milfal'ii-sulfui le. lU'id 

Coppn sulrate-Hulfuno and 

Copiier milfaie-MiIlunc and 
pluh tiiisopmpariolainiiie 

Ct (i!) 

(.'18-().‘i Miinell) 

r,l-05 

( K) 1)1 Bnnell) 

17 1)2 
(50 IM 
Ho(*kw<‘ll 

28 0 : 

4 5 1 

88 0 

08 

10. 000- 48, 000 
0.5,000-5)0.000 

8-12 

iiuneoled at (12()2'-F) 7'- 

rold-i'olled, eleetioloniM’d ^licet ' * 
imiK'aled deposit 
depoKition on lotatm^i: enthodi* 


18 2 : 

10 

21 

21.5 

2(>.(l 

17 0 

20, ()()() 87,000 
5(. , 800 

25) . 800 

85,000 08,000 

10 50 

iiiteriupted to burnish deposit 
Copper fliuiluuale-lluolioue and 

-Il-d2 

12 

0 

17, 101) 

7 3 

(low eoaeentiatioii, oi 

12(^10 21 
jdus molasses 21 

(-14 4.5 

HooLwell I5T) 
02-71 

20 

8 

25) , 800 

' 11.0 

luRh concent.talum, 

(04-70 

Koekwell 15T) 
.5.5-01 

20 

8 

20 . 500 

11 5 

(loo-^F) 21 

liinli oonceiiiiat/jon, Ii2“C (DO'^F) | 

(.50-08 

Rockwell 15T) 

20 

.5 

87 , 000 

18 5 

plus mol asses f 


15) 

0 

27 900 

fl 5 

*Wlje)e eon versions to Viekeis ,■ 

■.eale fiom otlm scales weic made 

on tlie liasi.s of 

A,S 'I'.M con- 


vpiMion data foi coppiT and copppi a,]loy.s, Jniidiu'sh data Jii pai on thesis inniestioiid tn the tlata oriR- 
lUiilly lepoited. 

i C. Sti’uyk, piivntp comniuiiicution to llio autliois. 

from the basis metal into sulfate-copper deposits lias been detected 
by many investigators. Thus the structure of the deposit is often 
influenced by that of the basis metal. Cleaned and unetched basis 
copper, unlike etched basis copper, does not inflnence-tlie crystal struc- 
ture of copjier plate produced in a. sulfate bath.^-^ 


MAINTENANCE^ AND CONTROL 

iSath compositions under normal conditions of operation require 
only occasional adjustment. If drag-out from the sulfate bath is ab- 
normally low, copper concentration might gradually increase and 
necessitate occasional dilution. Concentration control can be simply 
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and easil}^ aocoinplishod by measuring the s])eeiric gravity and deter- 
mining the arid eonccaitration. Lead anodes to irplaca^ about one 
eighth of the e()i)i)er ano(]e area will tend to keep the eo})p('r and 
sulfuric acid coueentration fairly uniform. It is m'(‘essary to deter- 
mine the exact I’atio by trial and error for a sp('(‘inc insi allat ion. In 
Table 3 sjiecific gravity readings are eonv('rted to eomaaitrations of 

Table 3. Total Conckntiiations ok Coppeu Shlkate llus Sulkukk' Acid 
IN SoiAITIONS OF (llVEN S|*K(TK1C ClUAVlTY 




C^)pl)cr Sulfate 



Chopper 

Sul (ate 

Sp. 

Cb-., 

])hLS Sulfur 

ic A(*id 

Sp. 

(Ir., 

plus Suliuric Aci( 

25° 

4°C 

(oii/gal) 

(g/1) 

25° 

rc 

(()/ /gal) 

(gd) 

1 

.01 

2.7 

20 

1 

13 

29. 1 

217 

1 

.02 

4 8 

30 

1 

14 

31 .3 

231 

1 

.03 

7.0 

52 

1 

15 

33.0 

251 

1 

.04 

9. 1 

08 

1 

10 

35 9 

2(i8 

1 

.05 

11.3 

84 

\ 

17 

38.3 

280 

1 

00 

13.1 

100 


18 

10.0 

303 

1 

.07 

15.7 

117 

1 

19 

43.0 

321 

1 

.08 

17.8 

133 

1 

20 

15.4 

339 

1 

.09 

20 0 

150 

1 

21 

47.8 

357 

1 

.10 

22.3 

too 

1 

22 

50.2 

375 

1 

.11 

24 . 5 

183 

1 

23 

52.0 

393 

1 

.12 

20 8 

200 






* From Princi'plei^ of Elect r opiating and Elcctmfornntig, l)y Blum and Jloga- 
boom, McOiaw-Hill, New Yoik, 1940, 3i(l cd., j). 433. 

eo])per sulfate and sulfuric acid, ('oiiper content of a huoborate solu- 
tion can be ajiiiroximated by gravity measurements, and acid concen- 
ti-ation is controlled by measiu'ing yd I, using prejiared c.olorimetric 
ydJ pajiers. Analytical methods for determining coiijuu* and acid 
(sulfate or huoborate) concentrations are given in a subs(‘(juent se(‘tion. 

The concentration of addition agents is usually controlhal by (‘lu- 
pirical methods such as (waluating the aiipearanci' of deposits on 
L;|)ecial lumt or slojiiug cathodes immersed in beaker saiujiles of the 
plating solution. An analytical method bas(‘d on a bromirnilion re- 
action^"’ was develoiied for determining the concentiation of jihenol 
or phenolsulfonic acid. 

Filtration requirements are deiiendent ujinn the dirt load of the air 
and any dirt brought in by the work. Although it is possible to main- 
tain accejitably smooth deposits with only occasional batch filtration, 
continuous filtration is usually pret(*iTed as a prevention of roughness 
of the deposit caused by dirt suspended in the bath. Silica-bearing 
filter aids should be avoided when the fluoborat(‘ solution is filtered; 
filter papers are satisfactory. 
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Effects of Imturities 

In general^ acid c()p})(a‘ ])atlis arc; more toleiani of ionic impurities 
than many otJiej’ jdating solutions. Many metallic^ ions introduced 
regularly by carry-ovei’ with the work or l)y dissolution of the basis 
metal (e.g., iron, nick(‘l, or zinc) can be exi)ectcd to accimiulatc' in the 
bath, because conditions are usually not satisfied for effecting c.odejK)- 
sition of such metallic ini])uriti(\s with coiiper. Nickel and iron re- 
duce f ile conductivity of the sulfate balh to the same d(‘gi‘ee resulting 
from an ecjuivalent concentration increase in copper Th(‘ dejiosi- 
tion potentials of arsenii; and antimony are apjiarently near that of 
co])])er in tlu' sulfat(‘ batli, since (‘odejiosiiton was roj^orted to oci^ur.*^'’ 
Arsenic and anfhnony in coiuamtrations of K) to (SO g/l and 0.02 to 
0.1 g/l, 1 ‘espectively, (‘inlirittled deposits and roughened surfaces. 
However, additions of g(‘latin or tannin were effeclive in inhibiting 
code})()sition of these impurif.ies and ])rc*^a‘nted roughness and lan- 
brittlement ciiused by tJieni. Small concentrations of ihe alkali metal 
and alkaline-earth salts were found to smoothen copiier deposits.^ 
Tin salts wen' also rc])oried 1o smoothen de])osits and wer(‘, at one 
time, ])ur]H)sefully addc'd to tlie sulfate bath to efb'id smoothening.® 
Jnad is com]ilet(‘ly pr(‘ci])itated and sih^er is partly so as the sulfatc'. 
If silver is a contaminant, a small percentage will be codeposited with 
copper. 

Nitrate's arc redu(“-ed to ammonia at the cathode' in cojiper sulfate 
plating baths.'' drain size was fenuid to lie re'iined [is a result of a 
small contamination with ehloride ion (2.7 mg/l).'^'' Soluble* silicate's 
introeluceel in a bath are jirecphtated on cathodes. 

In the fluoborat.e l)ath, lead is the only metallic impurity known to 
interfere with the de])osition of eluclile jihates. Ilowe've'r, it can l)e 
prcci])itatc‘d by adeling sulfuric aciel. Beside-s lead, metals like silver, 
gold, arsenie',, and antimony might be code'iieisitr'd with copjier, but 
the effects of such impurities are not known. 

Organic impiu’ities originating from de'e'omjiosildon of addition 
agents or leaching e)f elastomeric tank linings sometinuis embrittle de- 
])Osits, but e-an be n'liioved by treating th(' solution with an apjiropriate 
aidivatcd carbon, followed by filtration. a-Naphthylamine was iden- 
tified as an injurious contaminant leached from certain rubber tank 
linings.®^ As little as 10 mg/1 of a-nai)hthylamine caused an irregu- 
lar i)aff ern of uneven thickness of copper plate. Treatment with acti- 
vated carbon is desirable when a new bath is being prepared — espe- 
cially the fluoboi'ate bath, which may be contaminated with impurities 
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levelled fiom rubber diTiius. An iirstaiu'e has been reported 

of einln'ittlenient Iracealde to inipurilies leached from wood tanks. 

Analv'cical Methods 

C '()pi)er concentration in either the Hnobenate or ll\e sulfate bath can 
be determined electrolytically, or by a volumetnc procedure involv- 
inji; the reduction of cui)ric ion by ixitassiuni iodide and (itralioii Avi(h 
sodium thiosulfate solution. Ammonium hydi'oxide is added in t'xcess 
to 5 ml of bath sample diluted to 50 ml with waliu'. tAcess ammonia 
is remoAT'd by lioiliu^ the* solution. Then 1 ml of glacial aca'lic, acid 
is added and the solution is ai;ain brought t.o boiliiii;. Aftm* tlie solution 
IS cooled, aiiproximately 10 ml of a 20^/a solution of pota^siunl iodide 
is added. Tluai the solution is titrated AAoth a 0.1 N solution of so- 
dium thiosulfate (24 S ii; 1 Na^iS^O.r 51 !:>()) . When the soluiicm is light, 
sti’aw yellow, 1 to 2 ml of 17^ starch solution is added and (he titra- 
tion is continued to tin* disappearanci' of the bliK' coloi' of fn'c iodiiu*. 
Each milliliter of 0.100 A sodium thiosulfate is e(]uivaient to O.OObtlC) 
g coppm-, oi’, for a 5-iul sample, 1.27 g/l eojiiier, 5.00 g/1 (hiSOi ■ 5[f^( ), 
or 4.7,4 g/1 Cut BF,),. 

Sulfuric acid concentration may be (let(‘rmiiK‘d by t itrating a 10-ml 
samj)l(‘ of the jdating bath with 1 N sodium hydroxide, using a, f(‘W 
drops of a 0.1% solut-ion of methyl oraiigi' io detc'ct a. color cliange 
from ])urple to light, grcaai. Bach millilitm’ of 1.000 A' sodium hydrox- 
ide is e(jui valent to 4 0 g/l of siillujii'. acid. 

Fluoboric acid c(^ncentration may ))(‘. deU'rmim‘d ]>y diluting a 5-ml 
sam])le of ])latiug bath to 50 ml and titrating with 0.25 A sodium 
hydroxide* while ,stiJ*i'ing the solution with a mechanical glass stirrer. 
The a])])earaiice of the first iiernianent turbidity marks the endpoint. 
A blank should be run on a cojijier fhioborate solution containing no 
free fluoboric acid. Blank Aailiies will be ajiproximately 7.0 ml for 
224 g/l co])])er huoborati*, 7.7 ml for 440 g/4 copiier Ihioborati^, or 8.4 
ml for 44S g/l coppt'r fluoboraU*. After the \aLhu‘ for the lilank has 
been subtracted, (‘ach milliliter of 0.250 A sorlimu hydroxide is etjuiva- 
lent to 3.14 g/l fiaai flBFi 

Methods for deUTiuiiiing trae.e amouiit.s of U'ad,'''' nickel/'" chro- 
mium, and chloride have, l)een reported. 

ANODES 

Rolled or cast bars or electrolytic copper sheets can b^; used as 
anodes lor cither th(i tluoborate or the sullaie hath. Oojiper with suit- 
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ii})lo i)uriiy can be obtained in any of these forms. Cast anodes are 
not em])loyed to tlie same extent as rolled bars or electrolytic sheets 
because', if the castings are comprised of large grains or contain large 
amounts of oxide's, large particles might break loose and roughen the 
deposit before (5om])lete dissolution takes pla(;e. Fine crystal struc- 
ture, such as that produced by cold-rolled bars, is desirable. 

Tn either the sulfate or the huoborate bath, cast, rolled, or electro- 
lytic anodes become coated with films of finely divided copper or 
c,op]X'r oxide or both. Agitating the bath with air removes many, but^ 
not nil, of the fine particles, causing some to be dissolved by the free 
acid. If the work is racked so that cathode “shelves” lie in a hori-' 
zontal yilane, jiarticles will settle out on these areas and roughen the 
plate. In such c.ases the anode sludge can sometimes be reduced and 
the dei)osits made smoother by raising the bath temperature or in- 
creasing the acid conci'iitration. Tn one series of tests, less copper was 
found in anode films formed in fluoborate baths than was found in 
sidfate bath films. 

Fine co])per i^articles can be i)revented from reaching the cathode 
])y bagging anodes with a material woven with a ])lastic yarn com- 
prisc'd of vinyl chloride and vinyl acetate copolymer. To allow good 
mixing of the solution adjacent to the anodes, bags are made in the 
form of envelopes, enclosing several anodes placed edgewise to the 
cathode. Bags or dia])hragms can also be made of felt, glass wool, 
asbestos, oi’ porous ahmdum. 

To avoid excessive anode polarization, the anode current density 
in an unagitated sidfate bath shtndd be not more than 47 amp/sq ft. 
A slightly higher current density can be used if the solution adjacent 
to the anodes is vigorously agitated with air. The anode current 
density in an unagitated fluoborate bath can be as high as 375 amp/sq 
ft. With air agitation, the current density can be increased to 500 
amp/sq ft. 

Because the cathodii efliciency is usually only 99.0 to 99.5% and tlui 
anode efliciency is more nearly 100%, tlie coi)per concentration in a 
sulfate bath gradually increases if drag-out doc«? not comjiensate. 
When this occurs, lead can be substituted for coi)per anodes, in whole 
or in part, until the copper sulfate is reduced to the desired concen- 
tration, An instance is reported where a preference existed for con- 
tinuously using insoluble, conforming anodes in order to impiwe 
deposit thickness distribution."-^ Copper concentration was replen- 
ished by circulating the solution through an auxiliary electrolytic tank 
connected in series with the electroforming tanks. The electrolytic 
corrosion tank was eqiii])j;)ed with soluble copper anodes and scrap. 
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On each side ot a rotatinfi; disk calliodc wen* inicroporous i'ui)l)or dia- 
jdiragnus, wliicli inliibiiod tlie dilTusion of copper ions into the catliolyie 
and kept the cathode efficiency at a low level. Idie insoluble anodes 
in the elcctroforininp; tanks were made with silver-lead alloy (I 7 ;- 
silver) . 

An insoluble anode re[)orted to be used in coi)iH'r (‘le(‘iTowinnin^‘ 
was made of an alloy of coi)per, silieon, iron, and lead.*'’ Cb-aphi(e is 
the only electrically (‘onductive material known to be insoluble as an 
anode in the fluoborate liath. When used as an anode, graphite pro- 
duces a sludge of finely divided carbon [)articles. 

EQUIPMENT 

Lead-lined tanks are satisfactory for containing sulfate baths, but 
steel tanks lined with a suitable rubber comjiosition or synthetic i)his- 
tic are preferable, since, otherwise, the metal lining might act as a 
bipolar electrode and rob curi’ent from significant areas of the. work. 
Lead linings or othei- lead (‘(iiii])incnt are rajiidly attacked by c.op[)er 
fluoborate solutions. Taning materials that are generally suilabh* for 
either the sulfate or the fluoborate bath are: natui’al hard I’ubber, 
natural soft ru})ber, i)o]ymerized ethylene, or plasticuzed vinyl cldoride 
]iolyiners. Air lines can be made of hard ]ul)ber or j)olymerized 
vinylidine chloride. Specnal grades of carbon jiipe and tubing make 
efficient heat exchangers or cooling coils. However, lead is satisfactory 
in the sulfate bath and is less expensive. Rubber or rubber-lined 
filters are used fen continuous filtration, but stainless steel is satis- 
factory for short periods. 

TESTS OF DEPOSITS 

Each apjilication for deposits from acid baths involves distinctly 
different tests. Joint specifications of the American Society for Tesf- 
ing Materials and the American Electroplaters’ Society si)ecify tiiaJ 
tiie thickness of cojipcr on nickel- and chromium-plated zinc and zinc 
alloys shall be 0,0004 in., minimum, for type F.Z.; 0 0003 in., minimum, 
for type K.Z.; and 0.0002 in., minimum, for tyfie Q.Z.''^ The thick- 
ness of copper can be measured directly on magnified microscctions. 
On steel, magnetic instruments can be used for nieasuiing the thickness 
of copper deposits. 

Copper-plated steel wire for electrical cable is tested for thnikness 
and thickness uniformity, electrical conductivity, and tensile strength. 
Electroformed shapes are fre((uently giv(‘n pliysical tesis, in order to 
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control sti’(‘ngtli aiul ductility, by determining such properties as hard- 
ness, tensile strength, elongation in tension, and resistance to imi)act 
or denting. 


PREPARATION OF BASIS METALS 

Because loose, non-adherent, displaceme.nt films of copjier are formed 
on steel and zinc if these basis metals are immersed in acid co])per 
baths, a cyanide co])])(‘r “strike” ])late is recjuired before ])latiiig in 
acid baths. If the basis metal is completely “covered,” the “strike” 
l)late can be as thin as 0.00005 in. After plating in the cyanide bath, 
tbe woi'k should be thoroughly imsed, d]])])ed in a dilute sohitaon of 
hydrochloric or sulfuric acid to neuiralizc any undissolvc'd alkaline 
material, and rinsed again before plating in tlie acid bath. 

Nick(‘l or ni(d\el alloys, when a])])ropriately surfact* activated by 
1 ‘everse current. “ett;]iing” in sulfuric aedd or otlu'r nietlmd, can b(' 
jilated directly m an acid co])])er bath. ('Ontact should be made to 
the work before immersion. Stainless and chromium steels are i)lated 
in acid baths with adherent co])])er deposits by first “striking” in a 
solution concentrated in sulfuric acid but dilute in (‘opper sulfate 
(32 oz/gal sulfuric acid and 15 oz/gal C'U804 * 5 TI 2 O) • 

MOJd) AND MANDRELS FOR ELECnTiOFORMJNCd 

Metallic and noii-metallic materials are used as molds or mandrels 
for eh'ctroforming. Surface ])assivity characteristics make chromium 
alloy steel, aluminum, magnesium, tantalum, and chromium ])lating 
over other metals useful as metallic mandrels lhat reipiii'e neither a 
surface treatment for iiroviding conductivity nor a sejiarating film for 
])r()viding ready removal of the eledroform. Chromium-plated steel 
mandrels are especially useful for electrofoi-ming mass-iirodnced, hol- 
low center objects conc(uitric around one axis, A\dii(‘h are removable 
by impact, such that the mandrel but not the (‘ompleted electroform 
can pass through the center oiiening of a die. Surface-jiassive metallic 
mandrels can be used rejieatedly without intermediate surfacing treat- 
ments, although a thin film of graphite is sometimes aiii)lied before 
each use to facilitate the final separation of the de})osit from the 
mandrel. A mixture of graphite and wax has been utilized as a iiart- 
ing medium in the electroforining of tubing that was subsequently 
drawn into trombone slides.’’'^ Graphite in a thin susjiension with 
kerosene is sometimes used. 
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Tcniporiiry nuiiidJvLs iiiv made and used only onee and llien are de- 
formed or destroyed when de]^osilion is eom]deted. Low-nielting alloys 
containing lead, tin, bismuth, cadmium, or mercury, or combinations 
of these elements, are melted out and recast. Tn electroforming pitot- 
static tubes, low-melting mandrels were emjdoyed.*’’^ Aluminum and 
zinc can be cast or machined info mandrels and subsequently chem- 
ically dissolved. 

^^on-metallic materials used lor mandrels arc asbestos, asphalt, 
cloth, gelatin, glass, ])aper jailp, plasties, idaster, pottery and other 
ceramics, rubber, wax, and wood. Plaeh of these luust be made sur- 
face conductive by one of the i)rocedures discussed herein after mold- 
ing is comi)leted. Plaster, wtaxl, and eeramies recinire, in addition, 
sealing to fill pores near the snrfaee. 

A plastic consisting of vinyl a(‘etat(* and vinyl chlorid(‘ copolymer 
lias found wide aecejitanee in the (deetrotyping industry as a molding 
medium. Tmiiressious of jwiutiug sm-faces are made in the healed 
lilastic sheet which is then cleaned, sensitized with a stannons cliloiide 
solution, and silvered by siiuultaiioously siirayiiig an ammoniacal 
silver nitrate solution and a solution of a rediieing agtaii siicb as hydra- 
zine sulfate, formaldehyde, or hydroxylamine hydiaichloride.*'* Sueh 
molds largely reiilace the graphitized wax and lead molds used for- 
merly (see Fig. 2). Copjier is deposited on the silver (using a low 
current density for a few minutes) until the metal film is thick enough 
to carry a higher current. Then the current density is raised to about 
200 amp/sc} ft or more for another 40 to 70 min until a shell of 0.007 
to 0.01 f) in. is deposited (see Fig. 3), Flexing the plastic mold release's 
the shell. Edges of the electrodeposit ed shell arc trimmed, and the 
hack is tinned in prej^aration for backing uj) with electrotype metal, a 
l(‘ad alloy containing Sn and 3% Sb. P^idelity of rei)roduction 
of the final electrotype is good enough to dujilicate photoengravings 
containing more tlian 17,000 dots/sq in. (264 dots/sq mm) in 133- 
screen halftone subjects. 

Original, master sound records arc cut in wax or lacqiuu'ed alumi- 
num disks and then metallized by cathode sj)uttering gold or copper, 
or by silvering; chemical reduction methods like that used in the 
electrotyping industry arc employed. After electro forming and 
separating the mother negative from the original master recording, a 
metal master is elcctroformed on the negative and subsequently used 
as a mold for electroforming the number of record stampiirs needed 
for the production of a given record. To facilitate the separation of 
record stampers from the metal master, tlie master is dipped m a 
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Fi^. 2. Removal of electrotype shell from wax mold. (Courtesy of Pontiac 
Electrotype Engraving Company, Chicago, 111.) 




Fig. 3. A modern electrotype plating tank installation. A semi-automatic unit 
)S shown m the foreground. A cycle of 1 hr is used to deposit 0.010 in. of copj^er. 
(Courtesy of Partridge & Anderson Company, Chicago, 111.) 
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solution of poliissiuin cliclironiiitc (2 oz/'gal) l)cft)ro cloctro forming is 
started. 

Optically accurate metal reflect.ors arc elcctroformcHl by using a 
silvered, precision-ground glass mold.'’*’ More than 200 lb (91 kg) 
of coi)pcr are deposited on the silvered surface of a glass negative 60 
in. (152 cm) in diameter and detached from the negative by radiant 
h(‘ating. A metal negative is clectroformed on the metal positive and, 
hnally, metal reflectors are made on the (M)pper negative. 

Tn addition to those mentioned, many other kinds of molds, parting 
mediums, and methods for making surfaces conductive have biaai 
used.-" Each application usually employs uniciue or ddlVrent mate- 
rials and ju'oeedures that have been i)roven by ti’ials and tests. 
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Ai)j)li(‘iiti()ns of gold (‘l(‘(‘,tr()doi)osils uiv (lo[)C‘iident on ilie unusinil 
properties of this noble iiie(-al. Resistance to tarnish, to oxidation at 
elevated temperatures, and to attack by most cliemi(*aLs, combined with 
relative scarcity, high in*ice, and pleasing api)earance, have limited 
gold to s])ecific uses. Laboratory apparatus such as analytical weights 
and calorimetric bombs are gold plated for protection against fumes 
and chemical attack. Electrical (‘ontacts are gold ])lated where re- 
sistance to high temperature, oxidation, and low contact r(‘sistanc(‘ 
are imi)ortant. The gold i)lating of pen jjoints, jewelry, musical in- 
struments and silvei'-plated hollow wan^ adds beauty, tai’nish resist- 
aiKT, and value to the object. More recently, reflectors for industrial 
heating with infrared radiation have been electrodei)osited with gold 
where tarnish resistance and high thermal reflectivity ai’e imi)ortant. 
Gold electroplate is used ((uite extensively to ])rotect Ihe interior basis 
metal surfaces of gold-filled and rolled gold plate watch cases from 
tarnish and to present an attractive, ri(‘h ai)])earance on opening the 
case. Manufacturers of vanity cases use 24-karat electroplate chiefly 
as a decorative (boating. Some manufacturers of automobiles are now 
using gold electroplate on name plates for some models. 

Very little has beem published on the technology of gold plating, 
probably because there has been but little fundamental change in the 
methods for many years. Favored bath compositions have remained 
tlu‘ same, all hough today gold is more commonly added as the cya- 
nides, rather than as the fulminate, in preparing the cyanide type of 
solution. In the larger installations of moiv recent times, analytical 
control of solutions, gold anodes for solution upkeep, accurate control 
of the weight of deposit through ainjicre-hour meters, and drag-out 
recovery are recognized means of effecting economies. Tlie cost of 

* Consultant, 10 East 391 li Street, N^ew York 16. N Y. 

t Crahain, Crowley A-ssociates, Jenkinlown, Pa. 
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gold has discouraged much mdependent research in jdating. The in- 
centive for such effort is also lacking because high curi-ent density 
rapid plating of gold is not retjuired to produce the thin coatings com- 
monly employed. There is little reason to expect much change in tlic 
immediate future. 

Tlic principal aj)plication of gold idating is in flasliing or ‘‘color- 
ing'’ jewelry. Where the retpiired color cannot be obtained with 24- 
karat gold, alloy deposits are used. These alloys are seldom under 
22 or 23 karat (92 to gold), yet they are often spoken of as 

“14 k/’ “16 k/' and so on. This nomenclature is l)ased on tlie prac- 
tice of making up solutions for gold coloring by dissolving 14- or 
16-karat alloy anodes b}^ the i)orous cu]) method. 

This discussion makes no attem])t to deal with gold alloy i)lating, 
which is a subject of considerable importance in itself, but touches on 
the topic briefly in connection with the effect of various metals present 
as impurities in the gold-plating solution. 

The use of thick gold eh^ctrodeposits in jewelry is limited. In most 
apj)lications of thick deposits, alloys rather than pure gold are de- 
])Osited and these may be subjected to heat t]‘eatment to give them 
the desiird pro])('rties.^ 


PRlNCdJ^LKS 

Typical comi)Ositions of gold cyanide baths are 1, 2, and 3 in 
Table 1. They consist of gold (aurous) cyanide dissolved in excess 
alkali cyanide. Bath 3 was used during World AVar TI for relatively 
heaA^y deposits (0.0002 in. or 0 0005 cm in thickness). Phosphate 
baths are claimed to produce dejiosits of lower karat shades than baths 
made without ])hosphate. An old, partly exhausted bath is frequently 
used for applying the first or “shading” coating. This may or may 
not be brushed before the final coating is ai^])licd in a fresh bath with 
higher metal content. This last step is called “coloring.” 

Bath 4 was used for rai)id deposition of heavy gold 0.0005 to 0.001 
in. (0.00125 to 0.0025 cm) in thickness, according to one; reliable in- 
formant. 

When very heavy gold deposits arc required, a thin coating may be 
applied from a cyanide bath, after which a gold chloride solution is 
used. Such a solution may contain 28 g/1 (3.5 troy oz/gal) of gold 
as auric chloride with 35 g/1 (4.7 oz/gal) of hydrochloric acid (sp. gr. 
1.18). The rate of deposition from the cyanide bath is higher for a 
given current density than from the trivalent gold chloride bath, and 
the throwing power is superior. 
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Aj)|)lication,s of gold (decd.i'odoixxsiLs are dei)endoni- on ilie unusual 
])i'oi)erties of this noble metal. Resislance to tarnish, to oxidation at 
elevated teni])eratui-es, and to attack hy most ehemicats, combined with 
relative scarcity, high ])rice, and pleasing a])pcarance, have limited 
gold to specific uses. Laboratory apparatus such as analytical weights 
and calorimetric l)omlrs are gold j)lated for jirotectioii against fumes 
and chemical attack. Electiical contacts are gold plated A^dlere re- 
sistance to high temperature, oxidation, and low (amtaet resistance 
a, re im])ortant. The gold i)lating of pen points, j(‘welry, music-al in- 
strunuaits and silver-i)laled hollow ^vluv adds beauty, tarnish I’esist- 
ance, and value to the object. More recently, rcdleetors foi* industrial 
heating with infrared radiation have been electrode] )osited with gold 
where tarnish resistance and high thermal reflectivity are inii)ortant. 
Ciold eU'ctroplate is used (juite extensively to protect the interior basis 
metal surfaces of gold-filled and rolled gold plate watch cases from 
tarnish and to i)resent an attractive, rich appearance on o])ening the 
case. Manufacturers of vanity cases use 24-karat electroplate chiefly 
as a decorative coating. Some manufacturers of automobiles are now 
using gold electroplate on name i)lates for some models. 

Very little has been ])ublished on the technology of gohl ])latiiig, 
probably because there has been but little fundamental change in the 
methods for many years. Favored bath compositions have remained 
the same, although today gold is more commonly added Ls the cya- 
nide, rathei' than as the fulminate, in preparing the cyanide type of 
solution. In the larger installations of more recent times, analytical 
control of solutions, gold anodes for solution upkeep, accurate control 
of the weight of deposit through ami)ere-hour meters, and drag-out 
recovery are recognized means of effecting economies. The cost of 

* Consultaiii, 10 East 39th Strept., Now York 16, V. 

t Graham, Crowley & Associates, J(*nkintown, Pa, 
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gold has discouraged iiiiK'h independent I’csearch in ])lating. The in- 
centive for such effort is also lacking because higl) curreni density 
rapid plating of gold is not required to produce the thin coatings coin- 
inonly emploj^ed. There is little reason to (‘xpect much change in the 
immediate future. 

Tlie principal ai)plication of gold plating is in flashing or “color- 
ing” jewelry. ^A^lerc the required color cannot be obtained with 24- 
karat gold, alloy deposits are used. These [illoys are seldom under 
22 or 23 karat (92 to gold), yet they are often si)oken of as 

'T4 k,” ‘T6 k,” and so on. This nomenclature is based on the prac- 
tice of making up solutions for gold coloring by dissolving 14- or 
l()-karat alloy anodes by the porous cup method. 

Tliis discussion makes no attempt to deal with gold alloy plating, 
which is a subject of considerable im])ortancc in itself, but touches on 
the to])ic briefly in connection with the effect of various metals present 
as impurities in the gold-plating solution. 

The use of thick gold electrodejiosits in jewelry is limited. In most 
applications of thick dGi)()sils, alloys ralher than pure gold are de- 
l)osited and these may be subjected to heat treatment to give them 
the desired jiroperties.’ 


JTilNCTPI.ES 

Typical c,omi)ositions of gold cyanide baths ai’e 1, 2, and 3 in 
Table 1. They consist of gold (aurous) cyanide dissolved in excess 
alkali cyanide. Bath 3 was used during AVorld War II for relatively 
heavy deposits (0.OU02 in. or 0.0005 cm in thickness). Phosphate 
baths are claimed to produce de])osits of lower karat shades than baths 
made without phosphate. An old, partlj^ exhausted bath is frequently 
used for ai)plying the first or “shading^’ coating. This may or may 
not be brushed before the final coating is ap])lied in a fresh bath with 
higher metal content. This last step is called “coloring.” 

Bath 4 was used for ra])id dei)osition of heavy gold 0.0005 to 0.001 
in. (0.00125 to 0.0025 cm) in thickness, according to one reliable in- 
formant. 

When very heavy gold deposits arc reciuired, a thin coating may be 
applied from a cyanide bath, after which a gold chloride solution is 
used. Such a solution may contain 28 g/1 (3.5 troy oz/gal) of gold 
as auric chloride with 35 g/1 (4.7 oz/gal) of hydrochloric acid (sp. gr. 
1.18). The rate of deposition from tlie cyanide bath is higher for a 
given current density than from the trivalejit gold chloride bath, and 
tlie throwing power is supei’ior. 
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Table 1. Typical Gold Cyanide IUtb Compositions 

Bath 



No. 1 * 

No. 2 * 

No. 3 t 

No. 4 “ 


oz/gal g/1 

oz/gitl g/1 

oz/gal g/1 

oz/giil r/I 

Metallic gold,t as 





fulminate or 





cyanide 
(Cyanide, KCN 

0.25 2.1 

1.0 8.4 

1.2 10 

22 

2.()§ 15.0 

1.4 11. 0 

!.() 12 


I’liosphate, 

Na2HP04l2H2() 

Carbonate, 

0.5 4.0 




Na2C03 0iK2C()3 

variabh* 


variabh* 



Ferrociyaihdo, 

K4Fe(CN)« 200 

* Bcfercnce 5, ]). ;i04. 

t Private source. 

t Recorded in the formulas as ti'oy ounces per gallon. Tlieoretically, AuCN 
= 88% gold; NaAu(CN )2 = 72.5% gold; KAu((^^N )2 = 08% gold. 

§ If NaC'N is useci in pla(‘.e o! KCN, the bath colH'-entration is 1.5 oz/f>a,l. 

In ])riictiee, gold deposits of sufllcient weight to siand l)uffiiig or 
burnishing are ])rodueed from these baths. Tl lias been rc'jiorted * 
that gold dejiosited from a solution having vc'ry low metal and free 
cyanide content, i.e., 1.0 g/1 ])otassium gold cyanid(‘ (()7%) and 1.2 
g/1 free potassium cyanide, is more readily bulled to a liigli luster and 
has better abrasion resistance than de])Osits of tHjual t.hic-knc‘ss plated 
from the more conventional cyanide solutions. ATny j'apid agitation 
is employed along with cairrent density of about o to 4 amp/s(i ft,, 
temperature of 05^’ to 70°C, and insoluble anodes, lU'eferably jilati- 
iium. 


FUNCTIONS OF CONSTITUENTS OF BATH 

Metal and complex ions in the cyanide bath aie commonly supjdied 
b}'' the alkali metal gold cyanide, KAu(CN):i or NaAu(CN) 2 .^ AAdien 
operating with soluble anodes, the fr(‘e alkali cyanide maintains the 
metal conttmt of the bath. The sodium and iiotassium ions are bt'- 


* Private ooiTniiunication from H. Sciuau Payne, Wadsworth Watch Case Co. 
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lieved to l)e equivalent in effect Onh^ in more concentrated cyanide 
Latlis, as witli silver or copper, where relatively lieaAy deposits of some 
degree of luster are required, and where higher current densities art'- 
usually involved, has some evidence of sui)eriority of potassium ions 
been presented. C^arbonates and phosi^hates ln»th servt' as buffers '' 
and imi)rove the conductivity of the ba(h Small additions of alkali 
formate and ammonium benzoate luiA'e Ix'cii ]‘e(“ommended by means 
of which successful dei)osition of gold directly uixai steel or ferrous 
alloys is claimed. 

The metal content- of the (‘yanide bath in lU’at'tice may vary from 
1 to 5 g/1 (0.12 to 0.6 troy oz/gal ; 2.44 to 12 2 dwt/gal ). xiie free 
cyanide (potassium cyanide) may vary from 2.25 to 11 It g/1 (0.11 to 
1.5 oz/gal). Both the metal and free cyiinide concentrations are con- 
trolled witiiin narrow limits for uniform results. Carbonate is fre- 
(luendy omitted from new baths since it builds up dining oiiei'ation. 
Better i)racllce is to add a small amount, uj) to 15 g/1 (2 oz/gal), 
usually of carbonate or i)hosphat(‘, Na-id l ■ 12Ili.t). Without these 
buffers the pU may vary widt'ly."' 

The metal ions of the chloride bath ^ an' supiffied by the (aanjffex 
auric, chloride (llAuCTd residting from the solution of gold trichloride 
m hydrochloiic acid. Excess acid or soluble alkali chloride maintains 
the metal content of the bath from the soluble gold anode and also 
improves the condmdivity. 

The concentration of gold in the chloride ])atli may vary from 16 
to 32 g/1 (2 to 4 troy oz/gal; 39 to 7S dwt/gal). The concentration of 
hydrochloric acid (sp. gr. 1.1 S) may vary from 90 to 150 g/1 (12 to 
20 oz/gal). For uniform results, however, both the metal and fi'ee 
acid content should be closely controlled. 

AVhen a large volume of gold solution is em|)loy(‘d, tlu' optimum 
gold concentration is the minimum that will give satisfac.tory deposits. 
The investment cost is tlius limited, and drag-out losses are reduced. 

When it is desij’ed to a])])ly a coating of gold which is very uniform 
in thickness and color, and which will withstand moderate service, 
but with h'ss expense than with the reg\ilar gold jffating, the so-called 
“salt water process’" is often used. In this process the gold solution 
is contained in a porous cup or i)ot which is placed in a copper vessel 
filled with a strong solution of sodium chloride, in which a sheet of 
zinc is suspended. A small quantity of ammonium chloride (NH4CI) 
is also added at times. The solution is usually heated to about 70*^0, 
thus hastening deposition. 

The method involves the use of a primary cell and battery, in 
which the current is furnished by the zinc dissolving in the nearly 
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saturated solution of sodium chloride. The object to be plated is con- 
nected by means of a copper wire or rod to the zinc serving as an 
anode and is tlien immersed in the gold solution. Under these con- 
ditions the current is furnished by the cell instead of from an external 
source as in ordinary i)lating. 

A typical formula for the gold solution in the salt water jiroccss is 
as follows: 


Gold (as fulminate) 

1 .2 g /1 

3.0 dwt/gi 

Sodium ferrocvanicle. 



Na4Fe(CN)6- 101120 

15.0 g/1 

2.0 oz/gal 

Sodium phos])hate, N!i 2 HP() 4 - I 2 II 2 O 

7.5 g/1 

1 .0 ozy'gal 

Sodium carbonate, Na 2 C 03 

1.0 g/1 

0.5 ()/>/gal 

Sodium sulfite, NaiSO^ 

0.15 g/1 

0 . 2 f)z/gal 


p]itlier sodium or potassium ferrocyanide may l)e used, and the gold 
content is sometimes reduced to as little as 0.4 g/1 (1 dwt/grd). The 
solution is usually boded for about 30 min and filtered before using. 
Since little is known about the properties of the bath ingi‘cdients and 
the manner in which they function, no further refei’cnce to salt wat(‘r 
gold plating will be made here. 

OPERATING (CONDITIONS AND GllARAC^^ERLSTK^S 

Cyanide baths are operated at cui’rent densities of 1 to 5 amp/sq ft, 
temperatures of 40° to (S0°C and about 2 to 5 v. Temperatures of 
50° to 70°C are more common. Higher temperatures and higher metal 
concentrations permit the use of higher curnait densities. The current 
efficiency may apiiroach 100% under favorable conditions of low cur- 
I’ent density, high temperature, and relatively high metal concentra- 
tion with moderate fre(‘ cyanide. It is (]uite common, howevei', to 
vary these conditions in order to obtain the shade of the deposit de- 
sired. In such cases, the efficiency may be higher at the anode than 
at the cathode. 

In general, the pH of the gold cyanide bath is not controlled. In 
the absence of buffers the pH may vary widely, and for uniform re- 
sults it should be controlled.^ Caustic soda has been recommended 
for producing a light rose gold, and carbonate for a dark rose gold.’^’ 

The ferrocyanide bath (4) was successfully operated during AVorld 
War IT at 82 °C, 20 amp/sq ft, and with agitation to deposit up to 
0.001 in. (0.0025 cm) in thickness in 20 min. 

A current density of 5 amp/sq ft at 2 to 3 v and 24°C is recom- 
mended for the chloride bath composition given above. Higher 
current densities may be used at higher temperatures, and the more 
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concentrated bath should be emiiloyed under Uiese conditions.' The 
■cli'aractcr of the deposit obtained usually determines the optimum 
values of current density and temperature. The current efficiency of 
this bath is uniformly liigh, but the throwing ])(nver is not so good as 
that of the cyanide bath. 

maintenance: and c^ontrol 

111 the jewelry industry, bath volumes are small and chemi(‘a.l control 
is not universally emiiloyed. An old cyanide bath is sometimes used 
for the first or sc»-called ‘‘shading” dejiosit, and a new bath is used 
foj’ the final deiiosit. ^^'llen tlie old bath becomes contaminated with 
nudal im]nirities or is low in gold, it is sent to the rehner. 

f.ai'ger installations usually einjiloy analytical control of botli free 
cyanide and metal concentration. The free cyanide and (‘arbonate de- 
terminations are similar to those described for the rochelle copjier bath 
in Chapter S. 

PoiieC’ recommends that the gold be determined by evaporating a 
25-nil sani])le of bath to dryness in a crucible, then fusing with potas- 
sium bisulfate. After cooling, distilled water is added, and the precipi- 
tated gold is filtered olT, washed, dried, ignited, and weighed. 

The volumetric method is more commonly used. A 25-ml vsample 
is placed in a 250-101 beaker. Them 15 ml of concentrated hydro- 
chloric acid solution is added (under a. well- ventilated hood), and the 
solution evaporated to a syrup oAu^r a water bath. About 150 ml of 
distilled water, 25 ml of 20% potassium iodide solution, and 2 ml of 
1% starch solution are then added. The saiii])le is titrated with 
0 01 N sodium thiosulfate solution until the color disai)pears. The 
excess is then back titrated with 0.01 N iodine solution until the 
blue color appears. The exact number of milliliters of thiosulfate 
reejuired for the gold titration is equal to the total number minus 
the milliliters of thiosulfate equivalent to tlu', volume of iodine 
solution used. (The Na2S20;i:l2 ratio is frecpiently checked.) This 
value multiplied by a factor (grams of gold i)er milliliter for the 
standard thiosulfate solution X 40) gives the grams per liter of 
metallic gold in the bath. 

A method of decomijosing the cyaiude simplei’ than (uthei* of the 
above is to heat 25 ml of the gold solution with 15 ml of concentrated 
sulfuric acid and 3 ml of nitric acid in a Kjeldahl flask until fumes of 
sulfur trioxide are given off. The mixtui‘e is cooled, 100 ml of water 
is added, and then the whole is boiled for at least 15 min to coagulate 
tlie precipitated gold and dissolve the anhydrous sulfates of any other 
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metals tliat may be i)]'esciit. The gold precipitate is filtered ofi and 
determined gravimetrically, or it may be dissolved with 10 ml of con- 
centrated hydrochloric acid and 1 g of potassium chlorate and titrated 
as above, after boiling to destroy any excess chlorate and drive off 
any free chlorine in the solution. 

Further details regarding analytical control of gold plating solutions 
are available in the literature.'" 

Maintenance of the metal content in gold jilating solutions is as- 
sisted by recovery of solution (-arried out of the ])lating tank on the 
objects being plated. Recovery of drag-out is also imiiortaiit foi’ eco- 
nomic reasons. Tlie rc'c-laimed material may be utili/anl to make u]) 
evaiioration losses of the plating baths, or the metal value may l)e 
recovered by treating the reclaimed solutions and striding the residues 
t o a gold refimu’. Th(‘ economics of reclaiming o])(‘ra,tions " and a 
practical method of recovering gold from the reclaimed solutions ]iav(‘ 
been discussed in recent; lit(‘rature.^'’ 

C'^umide gold iilating solutions suffer a loss in ciiri cait efiiciency when 
e.xcessive amounts of carbonate havi* accumulati‘d in th(‘ solution. 
Ckirbonat;e removal is seldom practiced, for it is usually considerc'd 
more economical to recover the gold tind make u]) a new’ solution. 

Soa]) and similar materials are definitely harmful and should Ix^ 
kept out of the gold iilating solution by thoroughly linsing the* fvork 
before i)lat;ing. When necessary, materials of this ty[)i‘ may bi‘ iv- 
moved from the ])lating solution liy tn'atment with carbon, but this 
must be done Avith care to avoid considera.ble loss of gold in t he cai'bon. 

Metallic impurities introduced into gold ])lating solutions aie usu- 
ally objectiona.ble because* they aff(‘ct the color of the dejiosit-. For 
(‘xample, copjier changes the color from yellow t;0 jiink or r('d, accord- 
ing to the amount present. Silver and cadmium prodiu'c a green color, 
whereas nickel and zinc turn the color Avhitc* or “pale.” Lead results 
in the formation of a black, loosely adherent smut, Avliich, hoAvevi'r, 
finds ai)])lication in jiroducing certain antkiue finishes. Iron has little 
effect, if any, on the deposit, although many jilaters never fail to add a 
considerable amount of ”])russiat(* of jiotash” whenever they prc'iiare 
a gold plating solution. Under some conditions the addition of ferro- 
cyanide has been observed to jiroduee a marked low^ering of current 
efficiency. 

The usual methods for purifying cyanide jilating solutions are ap- 
plicable to gold solutions but, since these often involve some loss ni 
metal, exceptional care is reejuired; otlieiwise the loss of gold may not 
justify purifying the solution as compared to recovering the gold and 
making a new solution. 
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Tt is not iilways easy to regulate the rate at whieli gold anodes dis- 
’solve so as to maintain tlic metal (‘ontent of tiie solution at the desired 
concentration. Many gold plating solutions are therefore operated with 
insoluble anodes. Besides, insoluble anodc's reciuire a smaller invest- 
ment and offer less temptation to dishonest workiiien. The use of in- 
soluble anodes reciuires that gold be added to the solution from time 
to time in the form of salts. 

A convenient way of maintaining a reasonably uniform metal con- 
tent is to have an ampere-hour jueter in th(‘ eii’cuit and make additions 
on the basis of am])ere-hour readings. It is a simple matter to de- 
[(‘I’liiine the amoimt of gold recjuired per a,m[)ere-hour for the condi- 
tions under which the solution is o])erated. In order to get repro- 
ducible results, it is necessary, of course, I hat tlie currejit density and 
tem])eratuj‘e as well as the free (‘.yanide be kept reasonably uniform. 
This method of o})(‘ration may be set u[) so as to take care not only of 
the metal })lated out but also of the drag-out losses 

Th(^ iim])ere-hour under may be ])rovided with a movable* contact 
arm w'hicii cause's a bell to ring or a light to flash Avhenever an addition 
is recpiired. Tt is also convenient sometinu's to ])rovide an integrating 
or totalizing nu^chanism in the am])ere-h()ur metei' to keep a record 
over a long period of time. Jf this method is ])roperly set^ u}) and 
followed wdtli rc'asoiiable care, a gold jilating solution may be opemted 
for long jieriods of time with no chemical amalyses (‘xcept for the con- 
trol of free (cyanide. The same method has been applic'd tn gold alloy 
deposits, wiiere it affords means of controlling color and composition 
of dej'xisit. This method is preferred m many cases to tln^ use of alloy 
gold anodcis. The princijjal disadvantage of this method is the ac- 
cumulation of alkali carbonat.e formed from the cya.nid(i introduced 
with the gold. 

ANODES 

TTard carbon, stainless stec'l, Nichrome ' and platinum " are used as 
insoluble anodes in the cyanide bath, (lood results have been ob- 
tained with ordinary 18:8 stainless steel. Steel containing molybde- 
num has been less satisfactory. Soluble', high imiity, rolh'd-gold anodes 
are frequently emjiloyc'd in the cyanide bath. In some c,ascs both 
soluble and insoluble anodes have been utilized to ccjiitrol the metal 
content of cyanide baths. With ju-oper control of fre('. cyanide, tem- 
lierature and soluble anode area, however, good uniform results may 
be attained with insolubh' anodes at intervals only to lower the metal 
concentration. 
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It has been reported that a gold anode is covered with a protect- 
ing layer of insoluble sodium gold cyanide when electrolyzed in sodium 
cyanide, but that potassium gold cyanide is soluble and docs not pro- 
duce the passive state. The latter statement is not entirely correct, 
because it has also been reported that with a very low concentration of 
potassium cyanide passivity will set in, accompanied by gas evolution. 
Furthermore, if the cyanide concentration is increased above about 
2%, films of brown or yellow coloration, due to polymerized cyanogen 
compounds, are produced on the anode and render it i)assive. On the 
basis of more complete studies of the anode behavior of copper in a 
cyanide electrolyte, one might infer that the behavior of gold is entirely 
analogous and that the successful use of soluble gold anodes depends 
U])On the control of the anode current density, free cyanide, and tem- 
j)erature. 

Gold anodes are i)assive in a solution of TTAuCb, and chlorine is 
liberated.^'^ The addition of hydrochloric acid or a soluble chloride, 
furnishing chloride ion, or an increase in temi)eratiir(i will remove the 
passive state. In the gold chloride plating bath, a gold anode may also 
become passive even in the ])resence of free chloride ions if the anode 
current density is too high.’” Under these conditions the anode polar- 
izes in a manner exactly analogous to that reported for the moi-e 
common metals in cyanide plating baths. 

PREPARATION OF BASIS METAL 

Copper, brass, nickel, and silver are readily gold i)lated. Steel is 
usually first plated with one of the above metals. Silver-plated hollow 
ware is scratch-brushed wet and then g(dd i)lated. If gold is to be 
deposited on a buffed surface, the basis metal involved must be given 
its usual cleaning treatment prior to gold plating. Solder marks are 
often covered by an undercoating of coi)per, brass, or nickel. 

Most gold deposits are very tliiii, and under these conditions the 
color of the undercoat sometimes influences the color of the plated ob- 
ject. With a gold deposit 0.000001 in. (0.000025 mm) or jnore Ihick, 
this effect is eliminated; therefore, where such a relatively lu^avier 
coating is used, one is not so limited in the choi(;e of undercoat. 

Gold plating of stainless steel (18% (h‘, 87o Ni, 2.5% Mo) i)en 
points requires special treatment because of the passrte character of 
the basis metal. Several i)atents have been issued which cover 
these treatments, the most in’actical uf which involves the following 
steps; 
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1. Electrodeaiiing, alkaline. 

2. Electropickling, 10 U) 50% hydrochloric acid. 

3. Gold plating in a bath containing 2.7 g/1 (0.33 troy oz/gal; 6.04 
dwt/gal) of gold and about 19 g/1 (2.5 oz/gal) of free sodium cyanide. 
It is also recommended that for best results the wt)rk l)e connected to 
the cathode rod before it is immersed m the ))atli. 

A more recent i')atent covering a method for gold plating directly 
upon steel and ferrous alloys recommends the use of an alkaline 
cleaner, a 0.5- to 2-min dip in a mixture of concentrated lluosilicic acid 
(TToSiF^;), 35% hydrofluoric acid and water (65.3 and 32% by volume, 
respectively) and a gold cyanide bath similar to 1 in Table 1, but 
containing 0.25 g/1 (0.034 oz/gal) of ammonium benzoate and sodium 
formate instead of phosphate as shown. 

A brass undercoaling is sometimes si)ecified ))ecaus(‘ there is less 
contrast in color if the gold wears through in some places. Nowadays, 
the gold plate is usually in’otectcfl by a covering of t.i'ansjiarent lacquer 
(baked on) where the utmost in wear is reipiired. All things consid- 
er('d, a nickel undercoat is the most satisfactory because of the in- 
trinsic jirotection it affords. For example, costiniK* jewelry made of 
brass or white metal jilated first with about 0.0002 in. (0.005 mm) of 
bright nickel, then with only enough gold to give the desii’iMl color, and 
finally covei'ed with a good grade of baked ti’ansparent hKapier has 
been found to stand \\\) so wcdl that 1 allures in service are iiracticailly 
negligible. 

The preparation of solid gold jewelry and of costume jewelry for 
gold plating is also described in two recent articles."^- “ The finish- 
ing of band instruments is given in some detail."'^ 

1T.STS OF DIOPORITS 
Thick n ess— vSrEciii’i (nations 

The thickness of gold apiilied is nearly always limited by considera- 
tions of cost. In most applications the quantity jnit on is usually the 
least that will give a satisfactory color. Gold plating is sometimes 
employed in the jewelry industry to a]iply thick deposits of specified 
intrinsic value, but in this (‘ase alloy gold deposits arc generally pre- 
ferred. In electronic apiilications during World War II deposits from 
0.0002 to 0.001 in. (0.0005 to 0.0025 c-m) ai’c known to have been 
used. 
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Tlic tliickiiess of gold plating iistvl in the jewelry industry may 
eventually be expected to conform with certain standards fur marking 
which the industry is now engaged in setting up under the aus])ices of 
the National Bureau of Standards. These standards (TS-3131) are 
in only tentative form at ])rcHent. .lewelry or other articles carrying 
not less than 10 parts ]kt 1000 of fine gold by weight may be marked 
Avith the words ‘'gold c.ontent” or “gold electroi)late” folloAved by a 
decimal expressing the actual gold content, for example, 0.010 or 0 025, 
as the case may be. Tt has been ])ro])osed to limit the use of tlie 
words “gold plated” tn deposits carrying a minimum thickness of 
0.00018 mm (0.000007 in.) on signifnaint surfaces, but up to the tiuu' 
of this writing tlie projiosal has not bc'cn adojited. 

The amount of gold on jewelry is usually determined by firci assay. 
In dealing Avith wvy thin coatings, lii‘e assay methods cannot b(‘ i‘(‘- 
lied on. Tt is lu'cessary to strij) the gold coating and d(‘termine the gold 
removed by a suitable method of analysis. It is imiAortant also to 
make sure that the samjile used is repres(‘nt-atiAa3 of the Avhole lot, foi’ 
there may be exceedingly large variations in tlu^ (|uantity of gold 
found on separate jiieces. The ri^sults obtained by (‘xamiiiing a fcAv 
pieces or examining jiieces imiirojierly seh'cted may he altogether mis- 
leading. The number of pie(‘es taken should hc' large (Miough to giA’e a 
weight of gold that can be accurately determined. 

Stripping thin gold dejiosits is easily accomplished if a nickel under- 
coat is present, for then it is only necessary to make tlu' pieces anodic 
in a cyanide solution for a. short time. On coj)ii(‘r or brass, the gold 
may be stripjied anodically m a solution containing about of hy- 
drochloric acid. Another method that may b(‘ used is the combined 
action of sodium (yanide and hydrogen peroxide. In this method, 
hydrogen jieroxide is addcal gradually t.o a 2^/c) solution ol sodium 
cyanide with which the jiicces to b(‘ stripped luiAU'. been coAuned. If 
the peroxide is added too fast, the solution lu'ats up raj)idly, ami the 
I'caction may get out of hand. Strijiping in this solution is facili- 
tated by bringing the [lieces to be strijijied in contact with a jiiecc of 
platinum or nickel It is sometimes difTicult to tell AAdum all the gold 
has been remoA^cd and to aAaiid dissolving considerable amounts of basis 
metal. In the case of gold over a brass undercoating on steel, both 
brass and gold should be stripped to insure that all the gold is stripped. 
Needless to say, any laccpier present, must he removed AAuth a suitable 
solvent before an attempt to strip the gold is made. 

The gold present in the stripping solution may be determined either 
graAdmetrically or voliinietrically. If a cyanide strip] ling solution is 
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oinjiloycd, the ih lo destroy the eyaniile. This may be done 

by any of the methods desej‘ibed for analyzing cyanide gold plating 
solutions. Since the quantity of gold involved may l)e I'ather small, 
care must be taken that the method emjdoyed to determine the gold 
is sufficiently accurate for the piirpose. 

A conveni(‘nt metliod for determining small ajuounts of gold, spe- 
cifically for th(‘ puj’jiose of ascertaining the (liickness of electro- 
deposited gold coatings, has been published by Cdabough.-'* 

Acokluka'I’KI) C-oHUosioN Tests 

A test reported for gold dei)t)sit(‘d oyvv nickel uses a reagent consist- 
ing of 3 g of agar and (5 g of sodium chloihli' dissolved in lt)() c-c of 
water. This solution is made; slightly ammoniacal with ammonium 
hydroxide, and then 10 cc of a. half-saturated alcoholic solution of 
diineth^d glyoxime is added. The coated article to be tested, coii- 
nectcfl to the positive ])ole of a 6-v storage battiTy, is placed in a small 
dish and covei'C'd with th(‘ warm reagent, which is then allowed to gel. 
A layer of satiirateil sodium (‘hloride solution is poured over the gel 
and a iilatinum wir(‘ cathode immersed in the solution. A current 
density of 5 to 10 ma/s(i em is then emiiloyed, and small red sjiots 
apiieaj' in 5 to 10 s('c at all jioints wiun’e nickel is (‘xiiosed.**^ 

Thv porosity of gold coatings on brass may be strikingly detected 
by till' exposure of tli(‘ gold-jilated jiarts for several hours to a mixture 
of air and nitric acid va])or under a hell jar at room temjicrature. Dis- 
contiimity of the coatings is vevi^aled by tine “whisker-like” ])rotru- 
sions of hliu^ conosion products VNdiich dcvi'lop on the side of the 
] lores. 

(Jold dej)osits are oficai rat.ed by the length of time they withstand 
the action of nitric acid. Althougli this test may he used tx) coiiijiare 
1 h(‘ relative thickness and jiorosity of diffVrimt coatings, it has not lieen 
standardized, and, accordingly, when one says that a given gold de- 
jiosit “withstands nitric- acid for one minute,” this is not sufficiently 
descri])tivc- A useful test for thin coatings is to subject them to the 
action of moist hydrogen sulfide for several hours. Any porous siiots 
in the gold will ajiiiear black or brown through discoloration of the 
basis metal. For thicker gold dejiosits, the weight or thickness of gold 
may bi^ determined satisfactorily (‘ither by fire assay or by wet 
methods. 

* T(?si dovelupcd hy C H y ample of the Bell Teleplione Laboratories, New 
York, 1937. 
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Thickness 

It has been jvportcd that gold coatings may be deposited on brass 
in thicknesses of the ord(;r of 0.0001 in. (0.0025 mm) wliich show no 
evidence of ])iiihol(i corrosion in the usual accelerated corrosion tests. 
Generally for contact surfaces d(‘posits of 0.0005 in. (0.0125 mm) arc 
recommended. 

TAHiim2. Units 


10.0 

14 58 

455.0 

15.17 

12.0 

575.2 

1 

0.911 

28.55 

1 097 

1 

31.10 

0.0355 

0.0522 

1 

0.0549 

0.05 

1.555 

0.00229 

0.00208 

0.0048 


0.2050 


0.200 


lb (avoir.) 
lb (troy) 

()/. (avoir.) 
oz (troy) 
g (metric) 
dwt (troy) 
grain (troy) 

1 carat * (troy) 
(1877) 

1 carat * (meti’ic) 


1 lb (avoii‘.) 

1 lb (troy) 

1 oz (avoir.) 

1 oz (troy) 

1 g (metric) 

1 (Iwt (troy) 

1 grain (troy) 

1 carat * (troy) 
(1877) 

1 carat * (metric) 


Pounds 


avoir. 

troy 

1.000 

1 .215 

0.825 

1 

0.0025 

0.070 

0.0080 

0.0855 

0.00221 

0.00208 

0.00343 

0.00417 


Penny weigl its 
(hA't (ti'oy) 


201.7 

240.0 

18.25 

20.0 

0.045 

1 

0.0410 

0.132 


Grains 


7000 (avoir.) 

5700 (ti'oy) 

457.5 (avoir.) 
480 (troy) 

15.45 (avoir.) 
15.43 (troy) 

24 (ti'oy) 

1 (troy) 

3.168 (troy) 

3.080 (metric) 


(ViJ’ats 

troy metric- 
(1877) 


4.87 

7.57 

~0.3158 

1 


* The carat as a unit of weight is sometimes found in okl formulas, but is 
used nowadays only in c-tnmectioii with precious stones. Karat is generally 
used to express the purity of gold, c.g., 24 karat represents gold of the highest 
purity. 
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The factors which govern the structure and color of gold deposits 
‘have been summarized as follows: 


Physical Factors 
J . Current density 
2. Agitation 
.‘h 'I'emperature 

4. Racldng 

5. Basis metal 


Chemical Fa(‘tors 
(). Cold content 

7. Free cyanide 

8. Carbonates and othei salts 

9. Addition agents 

10. pH 

11. Impurities 


For most a])plications of gold plating (other than gold alloy plat- 
ing), the color is more imi)ortani than other i>hysical characteristics. 
In general, the densily and ductility of 24-kai‘at gold dei)osits are sat- 
isfactory for most i)ur})oses. A bath for ‘d)right” gold plating of thick 
dei)osits has not yet been achieved. 


Taulk 3. Data on Cold 


Weight per Sciuare I<'oot foi* Various ddiicknesses 


Inch 0.001 

Millionths of an inch 1000 


Ounces (troy) 1.405 

Ounces (avoij .) 1 .007 

Penii^^'weights 29.3 

Crains (troy) 703.2 

Ci’anis (metric) 45.57 


0.0001 

0.00001 

0.()00(X)1 

100 

10 



0.1405 

().014()5 

0.001405 

0.1007 

().01()07 

0.001007 

2.93 

0.203 

0.0293 

70.32 

7.032 

0.7032 

4.557 

0.4557 

0.04557 


1 grain (tioy)/s(i It = 0.00000142 in. = 1.42 millionths of an inch 
1 g/sq ft =0.0000219 in. = 21.9 millionths o! an inch 
1 pennyweight/s(i It == 0.0000341 in. = 34.1 millionths of an inch 
1 oz (troy)/s() ft = 0.000083 in. = 083 millionths of an inch 
\ oz (a\^oir.)/s(ift = 0.000033 in. = 022 millionths of an inch 

g/1 X 0.122 = oz (troy)/gal oz (troy)/gal X 8.2 = g/1 

g/l X 0.134 = oz (avoir.) /gal oz (avoir.)/gal X 7.5 = g/1 

g/1 X 2.44 = dwt/gal dwt/gal X 0.41 =■ g/l 


REFERENCES 

1. L. Weisberg, Metal Jnd (A. Y.), 34 , 295 (1936). 

2. J. B. Kusbiier, Plating and Finishing Guidebaoh, Metal Ind. (N. P.), 18 
(1943). 




Indium 

llhlNRY I). LlNKOHl)*^’ 


'r\w cliii'f of iiidiuni phitin^ is as a, (lilTiisii)n alloy in air- 

ci’al'i cn^'iiio bcauMJi^s. Sniarl- ^ foimd iJiat corrosion, due to oxidation 
products ol' llio Inbricaiing oil, of cadiuiuin-silvcr-coppor bearings 
was inalerially reduced by ])laling indium on (lie surface and (hen 
lieat-ln'ating it to diffuse' it inlo tlu* ))ea,]‘ing alloy. For this puriiose 
indium (,o the extent of of tin* bearing alloy metal was used. 

]( lias also b('en denionslra(ed iliat similar I’csults can be obtained 
by using O.OOOl in. of indium on lead-beailng surfaces, sucb as arc 
used in aircraft.- 

riJlNCIPLES 

Jn 1033 i)a((‘n(s were issued to (Iray'* ' and Murray"’ whicli de- 
scribed a, ba.si(‘ cyanide, dex(ros(‘-s(abilized, jilaiing liaiP. Westbrook 
studied tli(‘ ilectrowinning of indium from suliale solution. He found 
tbati a sodium citrate buffen* was ri‘(jUJred, siiu'e insoluble anodes were 
(aiii)loyed. Fink and Lestei' ’ gave tin* details of ojieration of indium 
sulfal.e bath using insoluble anodes. Linford ^ gave details of the 
first soluble anode jircaasss for indium jdating, using the sulfate batli. 
Other liaths have been rejiorted as follows: basic-/' lluoborate,'^' 
high y^H cyanide,'' tiirlrate,"’ perchloiat(',‘‘ and sulfaniate.’ Of 
tJiese batlis tlie eyanide, higli /dl eyaniih*, sulfate, and snlfainate are 
tlie most imiiortant. 

FUNCTIONS OF CH)NST1TUFNTS OF BATH 

In llie cyanide and high yiH eyanide bath the fnnetion of (/-glucose 
is to complex the indium and thereby render it- soluble, in basic solu- 
tion. That the cyanide is not iiec(‘ssary in the basic solution is evident 
from tlie composition of a basic bath,'' in wlnOi only indium, rf-glucose, 
and sodium hydroxide are used. The simjile cyanide bath is not 
stable, and a brown ])reci])itate containing indium soon develojis on 

Columbia Unii ursilv, N(nv York, N. Y. 
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use. The addition of sodium hydroxide is said to lielp stal)ilize tlie 
cyanide bath. 

The sulfate bath reejuires no addition agents for its operation, nor 
does the sulfamate; in these baths the anion simply acts as a con- 
venient means of introducing indium, in a soluble form, to the bath. 


OPERATING CA)NDLT10NS 


The operating conditions of the indium plating baths listed in Table 
1 are given in Table 2. Eor the details of operation of the otlie]’ 


Tahle 1. Formulas 


(a) Cyanide^ 

In (as freshly ppt. hydroxide) 
d-Glucose (at least weight of In) 
NaCN 

{b) High pH Cyanide 

In (as freshly ppt. hydroxide) 

d-Clucose 

KCN 

KOH 

(c) vSulfate® 

In (as sulfate) 
pK 

(d) Sulfamate “ 

In (as sulfamate) 

pH (adjusted with sul ramie a(ad) 


4 8 oz/gal (30-00 g/1) 

2- 4 oz/gal (15-30 g/1) 

20 oz/gal (150 g/1) 

2-4 oz/gal (15 30 g/1) 
2.7-4 oz/gal (20 30 g/1) 
19-21 oz/gal (140 100 g/1) 
1 -5.3 oz/gal (30 40 g/1) 

2.7 oz/gal or over (20 g/1) 
2.0 2.7 

0 

2.7 oz/ftiil (20 k/1) 

0 - 0.2 


Table 2. Operating Conditions oe Indium Batjis 


Biith 

Amp/Sq Ft 

Temp. 

Anode 

Cuu-eiit Efficiency 

(a) 

10-150 

Room 

Pt, graphite 

50% variable dejiending on age 

(b) 

15-30 

Room 

Iron or steel 

50% variable; not so dependent 
on age as bath (a) 

(c) 

20-40 

Room 

In 

20-100% depending on pH, c.d , 
and cone. 

W) 

20 opt. 
up to 100 

Room 

In 

90% 


indium baths mentioned under Pnnci])les, reference should be made 
to the original articles. ^ 


MAINTENANCE AND CONTROL 
Determination of Indium 

The analysis of baths containing only indium can best be illus- 
trated by outlining ihc procedure for analysis of the sulfate bath. 
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To 1 to 2 cc of plating solution add 0.5 g aininoniuin chloride and 
too cc water. Heat to boiling and add ammonium hydroxide to neu- 
tral, pH 7. Allow precipitate to settle at 50°G, then filter on ashless 
paper. Wash with normal ammonium hydroxide to which has been 
added 10% ammonium nitrate. Ignite below 700°C and weigh as 
indium oxide (ImOa). 

For the basic and cyanide baths, complete removal of organics and 
cyanide must precede the precipitation of indium hydroxide. 

pH 

Th(^ pH of the acid baths must be controlled sinc(i the anode current 
efficiency is always at oi* over 100%, whereas the cathode current 
efficiency is nearly always considerably lower. 

ANODES 

The basic indium plating baths use insoluble anodes such as plati- 
num, graphite, or iron. This is necessary because indium anodes 
polarize in these basic solutions. 

Soluble indium anodes may be usi‘d in the acid solutions. Under 
these conditions the anode current efficiency always exceeds the cathode 
current efficiency, and it is therefore recommended that either a sjilit 
anode circuit, using indium and platinum anodes, ho employed, or 
that the pH be controlled by the alternate iisc^ of idatinum and 
indium anodes. 

PREPARATION OF BASIS METALS 

The principal application of indium plating is for bearings. The 
steel shells have first a silver coating, eithei’ (aist or platc^d onto them. 
They are then machined to 0.001 in. und(‘rsize on the radius. The lead 
plating which follows is done in a sjiecial jig to insure a central anode 
location, and therefore uniform lead plate. This plate is 0.001 in. thick. 
The liearing shell is then removed from the lead plating bath, rinsed, 
and immediately plated with about 0.0001 in. of indium. The indium 
is then diffused into the lead at about 175°C. 

REFERENCES 

1. C. F. Smtiri, Troiis. Arn. Inst. Mining Met. Kiujrs., hist. Metuls ])iv., 128 , 295 
(1938). 
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Iron 

T. TuOMAS’^' and V. X. LAAlHt 


Iron ])lating is one ol’ the minor faeiors in tlic plating world 
Although it made iLs a])pearane.e more tlian 100 years ago, eleetro- 
deposiled iron has today few and limited use.s. Miieh of the plating 
of other metals is done ui)on a base of iron or its alloys heeause of 
the defie.ieneies of iron in api)earanee and resistanee to corrosion, 
"I'hei’efore^ plating uses of iron ar(‘ lo be looked for in tlie de])osition 
of h(‘,avy layers of metal, as in electroforming oj‘ electrorefining. 

Although ju’esent a])phcations of iron plating are limited, there is 
a continuing interest in ehadi’oforming with iron. Detailed instruc- 
tions for opcTating the iron sulfate and the iron chloride baths are 
presented here, and several special purpose modifications of these 
baths that were d(‘veloped during World War 11 are described. 


HISTORICAL SlIRVLY 

The el(‘ctrorelining of ii'on has always been of interest in scientific 
circles as a means ol secuj'ing nudal of high purity for study of the 
lU’operties of the metal a,s such or in alloys. Much of (Jie literature 
on iron deposition deals with this jiliase of the subj(‘ct, which has been 
comjirehensively survey(‘d in a nionog]‘a])h.' Larly commenual ajiidi- 
(aitions ai’t; also described in this monograph. These apjilications 
include production of iron electroty])es in Russia," jirodiiction of soft 
fleposits'^ used in (lermany during AVorld AVar I as a substitute for 
co])|)(‘r in driving hands foi' shells, iiroduction of iron sheets and tubes 
by electrofurniing,' and building u]) of worn machiiKi parts. Build- 
ing uj) with iron plating is used today, but the field is limited and there 
is strong comiietition from both nickel and chroniiuin. The good 
magnetic proi)erties that can be devedoped in (?l(*cti'olytic iron ^ led to 
its use by the AAhistern Electric (Amipany in Pu])in induction coil 

* Bineiiu uf EiigiMviiig luid l^iiiiting, A\hi.sliingtoii , D. C. 

1 NiiUonal Bureau of fStandaids, Washington, D. C. 
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v.orea prior to (level opincnt of nickel-iron alloys with better magnetic 
])ropertie.s. 

An application in use today that recalls Klein's early work is a 
ju’oeoss reported in 1930 in which intaglio plates for printing govern- 
ment currency and bonds are made by depositing a nickel face backed 
by a heavy deposit of electrolytic iron from a hot chloride bath. 



Fig. 1. Iron plating tanks for making currency plates at the Bureau of Engrav- 
ing and Printing, Washington, D. C. 


More recent work includes that done at the laboratories of the 
United States Rubber Company on the electroforming of molds for 
rubber, glass, and plastics, and that done at the Mellon Institute 
on the })roductioii of iron powder for use in i)owder metallurgy. 

World War II stimulated interest in iron plating as a means of 
saving nickel and copi)er in electrotyping and stereotyping, and three 
successful processes for this purpose were developed.^^ Theii* use 
was not continued when nickel and coi)i)er again became readily avail- 
able after the war, but it has been rei)ortcd that the use of iion-plated 
stereotypes has been continued, e.g., for telephone directory plates. 

Stoddard has recently reported a modified hot chloride bath for 
electroforming and building-up uses. 
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The fact that many of the commercial api)liciitions of iron jihiting 
mP^ationed above have been shi^rl-lived may seem discouraging, but 
there has always been a persistent interest wliicli remains strong today. 
Iron is cheap and abundant, and it can be plated out in deposits 
possessing a variety of iwoiierties.^*' It can be deposited as a hard 
and brittle metal which, by heat, treatment, can be rcMidered soft and 
malleable. It can be deposited as a soft and ductile metal to which 
surface hardness can be imparted by the usual processes of carburizing, 
cyaniding, or nitriding. It welds readily, can be easily ])lated uixni, 
and in the soft state has superior drawing proi)erties.''‘' llecent ob- 
servei's agree that the dej)ositcd metal is more resistant to corrosion 
than other forms, as would be ex])ected from its pm'ity. The contrary 
oi)inion that has been widely quoted is jnobably due to failure to rinse 
completely free from traces of i.he electrolyte. 

On flat or rounded surfaces that are not too deeply indented, deposits 
of any reasonable thickness can be made. In building up thick dei)Osits 
from the chloride bath, it has been noted that the grain growth 
becomes progressively coarser and the metal more brittle as deposition 
continues. To combat this, it may be found advisable to break up 
this grain growth })e]iodically ; for example, by interposing a deposited 
layer of another metal or by machining the surface of the deposit. 
Th(‘ use of manganese chloride as an addition agent has been reported 
to reduce grain growth. The throwing power of iron plating baths 
is comparable to that of nickel baths. 

It is not ])ossible to enumerate the many small scale applications 
that are being carried on, but thei’C is no (luestion that these are 
increasing in number and interest. 

PKINCTPLES 

The ferrous sulfate bath, with or without added salts, was the first 
bath found practicable. In 18(S7 Alexander Watt attempted to de- 
jiosit iron from a large number of iron salts in solution and obtained 
deposits of some sort from many of them. His conclusion was that 
the solutions based on ferrous sulfate were the only ones of any prac- 
tical value. Howeve]’, more recent work indicates that iron plating 
solutions based on some of the less common salts, such as sulfamate 
and fluoborate,^^ may have some merit. Working at or slightly above 
room temperature, Watt failed to obtain good deposits from chloride 
solutions, although Kriimer-^ in 1861 had reported soft deposits from 
such a bath. With the later trend toward faster plating at higher 
temperatures, it was found that many baths based on ferrous chloride 
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are excellent media for olccirodepositiori at temperatures of 70°C or 
higher. Mixed batlis containing both of these salts have been u^/ed. 
They may have some advantage for s])eeial i)uri) 0 ses. This classifica- 
tion of iron plating baths into sulfate, (diloride, and mixed sulfate- 
chloride types was made by Hughes,"'^ who has probably done more 
work on this phase of the subject than anyone else. He states that 
the chloride bath has these advantages: the higher solubility of the 
salt permits the use of more (;oncentrated solutions; the bath there- 
fore has a higher condu(‘tivity, and higher current densities can be 
used than with the sulfate baths; the sulfate type of bath can be 
operated at much lower temj)ei*atuj'es than can the chloride bath, 
and it does not oxidizes so readily. Hughes further states that deposifs 
fj’om the sulfate bath oxidize muclt less (piickly than those from 
chloride baths, an observation with which the writers do not agree, 
finding ratlier that both types of dei)osits rust somewhat less readily 
than does ordinary cold-rolled steel strii). 

With both the sulfate and the chloride baths, a conducting salt, 
such as a corres])onding alkali or alkaline-earth salt, is the most fre- 
quent addition. These salts niay have effects on the pr()i)ertic‘s of the 
deposits. The importance of the hygroscoi)ic, character of certain 
chloride combinations seems overstressed in the literature. .Many 
other salts, such as those of various organic acids, have been recom- 
mended as ingredients of iron })lating I)aths. These additions may 
])e justified to meet individual needs, but for dei)ositing soft and ductile 
metal simple bath combinations ar(‘ recommended. Ev('n in the case 
of the feiTous ammonium sulfate; l)ath, analogy witli the nickel sulfate 
bath would lead us to ex])ect that the animonium sulfate would cause 
harder deposits than could lie obtained from (he siinjile ferrous sulfate 
bath. For building-up pur])oses this added hardiu'ss may be desirable. 


THE FERROUS SULFATE BATH 

Composition AND Opiokating Conditions 

The sulfate type of bath is used princiinilly for building up under- 
sized machine parts. It has also lieen used in recent years for iron 
jilating of stereotypes In this type of bath ferrous sulfate is the 
salt furnishing the metal. This salt may be used alone or with other 
salts? added. Ammonium, magnesium, and sodium sulfates are the 
most common additions. The double salt, ferrous ammonium sulfate, 
seems to be used the most and to have been studied more thoroughly 
than other sulfate combinations. From the work of MacFadyen ^ a 
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eunceiitviiU'd solution contiuniiij]; 47 oz/gal of ferrous ainiiioniuin sul- 
o])eriite(i at about (35 aiu])/'s(i ft \vitli a temi)erature of about 
is reconunended. MarFadyon ko])t tins batli in a slightly acid condi- 
tion, from 0.01 N to 0.02 N sulfuric acid. For o])eration at room tem- 
perature a current density of about 19 amp/sci 'The bath 

may be operated at a low y;Tl, for example 2.8 to 3.4, eorresi)omling 
to an acidity of about 0.005 iV, or at a liigb pU of 10 to 5.5. The 
covering power is better under the latter conditions, and the deposit 
]s softiM- and under less stress. As with most simph* baths, the condi- 
tions given may be varic‘d widely, deiumding upon the results desired, 
|)rovided that allowance is nuuie for the interdependence of these 
(‘omlitlons.'^ 

Maintknancm^: and (-on^iuou 

111 th(' low ydl ]‘ange the anode etTicuaicy tends to be greater than 
100'/', and the cathode efficiency range's from 80 to 90%. Sulfuric 
acid is therefore' consumed anel must be rej)laceel by i)(U’ioelic aelditiems 
te) maintain the' pH. In tFe high /dl range anoele anel cathode ef- 
tie'ieme'ies are close te) lOO/r . lle)wever, air oxidation of ferrous sulfate 
folloM’ed by i)recipitation of ferric hyelre)Xiele results in a eleciuase in 
pH. The' y;H may be maintaine'el by ])eriodic addition of ammonium 
hydreixide, or by siispe'uding ferrenis e'arbonate ii] tJie bath. Fe)r best 
results the le)W pH bath shemlel be ke])t fully reduce'd. In ordinary 
use any small amount of ferric irein will be' re‘due*vel cathodically, but 
il a. large a,ine)imt is i)re‘se.‘nt it may be'come ne^ce'ssary te) give the 
bath a reducing treaunent, for examjeh' by additu)n e)f sc, raj) ire)n in 
the j)rc‘sene'e of e'xcess ae'id. In the high pll range' any feri’ic ion that 
forms through e)xidatie)n is immediately })reci])itate‘d as fc'iTic hyeh'ox- 
ide, so that maintenane'e of a reduccHl se)lutie)n is aute)matic. However, 
the' ace'umulated ])reci])itate should be elissolvexl ])erie)elically by addi- 
tion of e'xe'css sulfurie*, acid a,nd re^eluce-el as el(^,se*ribed above. Wetting 
agemts are heli)ful in tlit'se baths for ce)ntrol of jiittlng. 

The irem ceincentration may be re'gulated by sja'-cifie* gravity meas- 
ureme'iits, with only an e)ccasie)nal analysis fe)r iron Re)utine methexLs 
of analysis fe)r ferrous iron ai'e- saHsfactory. Blum and llogaboe)m 
recomme'iid titratiem with ])ermaiiganate. 

The' acidity of the leiw pH solutie)n can be measured by titration 
with dilute alkali. Ce)le)rimetric determination of pH can be used 
for eithe'r the low e)r the high pH solution. However, measurement 
of the pH with a glass eh'ctroele is recommended in both rangers because 
e)f its gre'ater convenience and accuracy. 



276 


MODl^RN KLKCTROIM.ATl NG 


THE FERROUS CHL0R1J)E BATH ^ 

Composition and Operating Conditions 

The most commonly used bath is the Fischer-Lan^bein soJution,"" 
which consists of a slightly acid solution of ferrous and calcium chlo- 
rides. Other alkali or alkaline-eartli chloi’ides may be used in i)lace 
of calcium chloride. The original formula, calculated in terms of 
concentrations,* is as follows: 

Ferrous chloride, FeCl2-4H20 40 oz/gal (300 g/1) 

Calcium chloride, CaCh 45 oz/gal (335 g/1) 

For rapid deposition a solution of ferrous chloi'ide alone at a con- 
centration of 54 to 67 oz/gal has been used. With either solution, 
ductile deposits are obtained at temperatures above 85 ^'C. For averages 
working conditions a catliode current density of about 60 ami)/s(i ft 
and a temperature of 90^C are used. Tlu' catJiode ciu’j'ent efficiency 
under these conditions is about 98%. Tlie bath must be kei)t slightly 
acid by periodic additions of hydrochloric acid solution to maintain 
an acidity of about 0.01 N hydrochloric acid, or a pH of about 0.8 
to 1.5 by glass electrode measurement. By operating at higlu'r temper- 
atures and acidities, good deposits can be obtained at current densities 
as high as 280 ainji/sq ft.^^ 

World War II stimulated research in iron jilating and led to pub- 
lished descriptions of several devcloiunents. In one of thes(i it is 
claimed that a solution of the following formula yields dei)osits of 
finer grain size and permits a wider range of operating conditions than 
docs the ferrous chloride-calcium chloride bath. 

Ferrous chloride, FeCl 2 -4H20 27-06 oz/gal (200-500 g/1) 

Manganese chloride, Mn(T2-4H20 0.4-0. 7 oz/gal (3-5 g/1) 

Gardinol WA 0.13 oz/gal (1 g/1) 

O^emperature 70-105°C (160-220°10 

pH 1. 5-2.5 

Current density 50-300 amp/sri ft 

The wetting agent, Clardinol WA, is used to reduce jiitting It has 
been suggested f that the wetting agent may be largely responsible 
for the finer grain size of the de])osit obtained from this bath. 

Miillcr, Heuer, and AVitnes rejiort that small amounts of chlorides 
of aluminum, beryllium, or Cr(II) added to a simple hot ferrous 

* Reference 25, p. 360. 

t Unpublished coinmunication from W. A. Olson, Biiioaii of Engraving and 
Printing, Washington, D. C. 
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chloride solution render deposits softer and more ductile. The 
•r^ommended concentrations are: AlCl.i, 0.2-0.27 oz/gal; BcClo, 0.07 
oz/gal; CrCl 2 , 0.0013 oz/gal. AVallacc and Her claim that 0.01 to 
0.45 g/1 of ferric ion in the hot ferrous chloride-calcium chloride bath 
results in a more uniform deposit, i.e., a better throwing power. The 
ferric ion concentration is controlled by means of an insoluble auxiliary 
anode. 


Matntknance and (^.ontrol 

The chloride baths described above should be maintained in the 
ferrous condition, although in the U S. Rubber Company patent cited 
above a small concentration of ferric ion is claimed to produce more 
uniform deposits. AVhile more susceptible to air oxidation than the 
sulfate bath, when in operation the hot chloride type of bath is ke])t 
fully reduced by cathodic reduction, and when not in use stays in that 
condition for long periods, provided that the anodes are removed and 
a slight excess of acid is maintained. One author has found that 
cubes of gum rubber floated on the surface of the bath do not interfere 
with its operation but serve as a cover which reduces oxidation, con- 
serves heat, and keeps down evolution of steam and spray while the 
l)ath is working, A clear green color of the solution indicates that no 
harmful concentration of ferric salt is i)resent, but a deepening yellow 
tinge or brown color shows an excessive content of Fe(III) . A reducing 
treatment as described for the sulfate bath, i.e., adding an excess of 
acid to act on anode scrap hanging in the', bath, or ojicrating with 
dummy cathodes, is then necessary. 

As with the sulfate bath, control of the iron concentration by specific 
gravity measurement, with only an occasional analysis for ferrous iron, 
is sufficient. Titration with dichromate, using dipheiiylamine as an 
inside indicator, is a satisfactory method. The remarks on the meas- 
urement of the pH of the sulfate baths apply also to the chloride bath. 

Bath Impurities 

For both types of bath, sulfate as well as chloride, the general state- 
ment may be made that organic impurities in solution cause brittle 
or cracked dej^osits. Not much is known concerning specific effects of 
inorganic contaminants. One of the authors in some unpublished work 
found that more than 0.2 g/1 of zinc in the ferrous chloride-potassium 
chloride clectrotyi)ing bath caused excessive stress in the deposits. 
However, a small concentration of zinc aj.iparently causes no harm in 
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the hot chloride bath.^"^ Stoddard cites low tolerance limits for cop- 
per, lead, arsenic, tin, and molybdenum in the hot chloride bath. Ji. 
practice, no difficulty due to metallic impurities in this bath has been 
encountered. 


SOLUTIONS DEVEJ.OPED EOR APPLICATION TO 
ELECTROTYPING 

A bath for the aiiplication of iron jilating to electrotyiiing must give 
a relatively stress-free deposit at temperatures below the softening 
point of electi’otyper’s wax, e.g., about 35° to 40^C. With the more 
recent and growing jiractice of substituting plastic sheets for electro- 
typer’s wax, higher temperatui-es can be used. A (ihloride type of 
solution that was used suc(‘essfully for this puj*pose has the following 
composition and openiting (jonditions: 


Kerroiis cliloride, EeCL- 41120 
Potassium chloride, K(4 
Temperatuj'c 
CJurrent density 
pn 


32 oz/gal (240 g/l) 
24 oz/gal 080 g/l; 
25-40°C (80-.105°F) 
20-50 amp/sq ft 
5.0- 5.5 


The pH is maintained by ])eriodic additions of potassium hydroxide. 
A mixed sulfate-chloride type of solution was also developed for this 
purpose.^*^ The recommended composition and operating conditions 


are: 

Ferrous sulfate, FeS 04 ’ 7 Il 20 
Ferrous chloride, FeCl 2 - 4 H 20 
Ammonium chloride, NH 4 CI 
Temperature 
Current density 
pH 


33 oz/giil (250 g/l) 
5.0 oz/gal (42 g/l) 
2.7 oz/gal (20 g/l) 
4C)-4;UC (100 -lOS^F) 
50-100 auip/^sq ft 
4.5-G.O 


Deposits from both of the above baths are brittle and must be backed 
with some co])pcr to i)ermit handling of the electrotype shell without 
breakage. Maintenance pi’ocedures for tluvse baths are analogous to 
those for the high pH sulfate bath. 


EQUIPMENT 

All the iron plating solutions described above require acid-proof 
material for tanks and auxiliary etjuipment. Equipment similar to 
that used for acid pickling should be satisfactory. For most work. 
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rubber-coated steel tanks give good service. For heavy work, rubber- 
"ct.^ted steel tanks lined with acid-proof brick arc used. Duriron equip- 
ment for heating has a fairly long life. Glass, glass-lined, and ceramic 
equipment are very resistant to corrosion, but such equipment is 
hardly rugged enough for commercial use unless precautions are taken 
to protect the cell surface from thermal and mechanical shock. Where 
the lieat developed from the passage of the plating current through 
the bath is sufficient, or nearly so, to maintain the proper working 
temperature, it has been found practical to inject live steam directly 
into the solution as the simplest means of initial heating. Tf there is 
too much condensate, closed coils of tantalum, silver, silver alloys, or 
impregnated carbon may l^e used. Lead coils may be used in the 
sulfate baths. In heating large circulating systems, alternating cur- 
rent between graphite anodes has been used, the idating bath being 
transferred to auxiliary tanks. Tf the nature of the work permits, 
mechanic^al agitation of the ])ath makes possil)le the use of higher cur- 
rent densities and facilitates the formation of a more even dejmsit. 

ANODES 

l^or both th(5 sulfate and the chloride baths, anodes made of iron 
of high purity, such as ingot iron, wrouglit iron, or Swedish iron, are 
preferred. Steel and cast iron anodes have been used and when un- 
bagged may be more satisfactory than pure iron anodes because 
smoother cathode deposits can be obtained. The presen(‘-e of cai'bon 
in tlie anode reduces the likelihood of oxide being present, and this 
carbon remaining .at the anode surface during corrosion of the anode 
seems to form a coating that retains particles that would otherwise 
lodge on the cathode surface and cause rough deposits. But, in gen- 
ej'al, it will be found necessary to Inig the anodes. For this purpose, 
woven blue African asbestos has ])roved to be the most satisfactory 
material. The ordinary white asbestos deteriorates rapidly. Woven 
glass, though fragile, can be used and has been reported to be quite 
satisfactory when coated with a ))hcnolic r('sin.’’^ The synthetic fab- 
ric Orion, which has recently become available, is a satisfactory bag 
material. Porous stoneware diaphragms have been used but are 
rather cumbersome and have a relatively high electrical resistance. 
The necessity for bagging may be obviated by the use of continuous 
filtration. Iron anodes dissolve more readily than nickel anodes. No 
cases of passivity of iron anodes have been reported, even for high 
pH sulfate baths. 
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PHYSICAL CHARACTERISTICS OF DEPOSITS 

A detailed account of what is known about the properties of electro- 
lytic iron can be found in the monograph by Cleaves and Thompson.^ 
From an engineering viewpoint, the mechanical properties are the 
most important. These vary widely, depending upon the bath com- 
position and conditions of operation. For the metal as deposited, 
Kasper reports a Brinell liardness number of 127 for a deposit made 
from a chloride bath at 93 arnp/sq ft with a bath temperature of 
102 °C. For a deposit similar to this, Kasper reports a tensile strength 
of 61,000 Ib/sq in. (4270 kg/sq cm) and an elongation of 18%. This 
agrees well with the data of Thomas and Blum,’^^ who report a tensile 
strength of 56,000 Ib/sq in. (4000 kg/sfj cm) and an elongation of 
20% for metal deposited from a chloride bath at a current density 
of 65 amp/sq ft and a temperature of 90°C. A deposit made at 186 
amp/sq ft and 95 °C had a tensile strength of 113,000 Ib/sq in. (7910 
kg/sq cm) and an elongation of 4%. Stoddard reports tensile 
strengths ranging from 47,500 Ib/sq in. (3350 kg/sq cm) to 110,000 
Ib/sq in. (7760 kg/sq cm) with elongations of 50% and 10% respec- 
tively. 

Deposits from the sulfate baths at or slightly above rooirf tem- 
perature are harder than those from the hot chloride baths and have 
no measurable ductility. Schaffert and Gonscr^*' report Knoop hard- 
ness numbers * ranging from KH) to 780. The latter hardness appears 
to be extremely high compared with a maximum hardness number of 
about 350 Brinell re])orted by Macnaughtan for deposits from a bath 
of similar type. 

Fusion or annealing of the electrolytic iron modifies the mechnical 
properties profoundly. After annealing at a temperatuj*e sufficient to 
cause recrystallization, i.e , at about 900*^0, the mechanical properties 
approacli those of optm hearth ingot iron, with the strength approxi- 
mating 40,000 Ib/sq in. (2800 kg/sq cm) and the elongation 30 to 40%. 
The Brinell hardness number drops to 90 or lower.^ An annealing 
temperature of 500"C is sufficient to remove most of the effects of 
cold-working. 




Lead 

A. H. I)u Rcksk * and William Blum t 


The a])peuriuice and jiropcrtirs of lead limit its commercial use in 
(deciroplating; largely to the field of coiTosion ])rotection. Its physical 
and chemical j)ropcrties in this res])ect are such that it occupies a 
rather unicpie place among tlie metals. Although lead is attacked 
l)y the strongly oxidizing acids such as nitric and certain of the or- 
ganic a-cids, notably acetic, lead coatings are fairly resistant to the 
non-oxidizing acids such as cold hydrofluoric and dilute sulfuric. 
Wlien exposed in tJie air a slight film is formed on the surface which 
]U’otccts the und(u‘lying metal from further oxidation. 

Lead has not been extensively electroplaiud because the low m,elting 
])()int of the melal (327^C) has made it possible to use a hot dii)])ing 
process. For this process the lead must be alloyed with 2.5 to 20^^ 
tin, since molten lead does not adliere readily to iron, Recently, how- 
('^'er, thei'e has been a decided trend toward the us(' of electrodeposited 
l(*ad for such applications ^ as the protection of metals from corrosive 
liquids like dilute sulfuric acid; lining of brine refrigerating tanks; 
plating of chemical api)aratus; lining metal gas shells; barrel jilating 
of nuts and bolts; plating storage battery parts; and plating apparatus 
us(‘d in the viscose industry. It has been pointed out" that lead plat- 
ing is superior to lead dipping, as objects can be stamped and machined 
without distortion, the deposit is less porous, and, as shown by Kur- 
rein,'‘ there is a minimum amount of stress present in electroplated 
lead coatings, whereas in dipj^ed coatings there is a contractile stress 
rejwesenting about 3.5% shrinkage. 

Lead has been deposited from a great number of different solutions: ^ 
acid solutions of the nitrate, acetate,^-® fluosilicate, fluoborate, perchlo- 
rate,^ oxalate, dithionate,® sulfainate,^'"^" sulfonates; and alkaline 
l)lumbites,^‘*' and cyanides from wdiich immersion deposits can be 

* Harshaw Chemical Co , Cleveland, Ohio. 

t National Bureau of Standards, Washington, D. C. 
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obtained.^^ Of these various baths the fluosilicate, fluoborate, and 
sidfamate largely form the l)asis of present-day lead plating. 

The electrodeposition of lead from solutions of the fluorine acids 
dates back to 1886, when Leuchs first electrolyzed lead fluosilicate 
and lead fluoborate solutions. In 1901 Betts secured a patent on the 
use of a fluosilicate solution similar in composition to the solution 
])reviously described by Leuchs. Later Betts patented the electn)re- 
fming of lead, using lead salts of fluorine acids with addition agents 
such as gelatin, “capalfle of restraining the crystallization of the de- 
posit.” Fluosilicate solutions have been extensively used for lead re- 
fining, but in ordinary plating operations they have occupied a j)lace 
secondary to the Iluolioratc' solution. The use of the fluoborate bath 
for lead plating came about largel^^ as a result of studies made at the 
National Bureau of Standards^ in 1918 on lead iflating for milit,ary 
jiuiposes. The iierchloratc bath was patented by Mathers"^ in 1909 
and was reported to give excellent de])osits of lead; liowcver, it lias 
been little used and has jirobably suffered because of the notion ibat 
aqueous scflutions of iierchlorates are explosive. Alkaline lead plating 
baths have not. been us(‘d to any (‘xtent in this country, although the 
throwing pow('r is re])o]‘(,e(l to be superior to that of the acid baths. 

There is a growing interest in electro] dated lead coatings. AVilh 
increased familiarity with ])resent-day lead plating jirocesses as W(dl 
as with the develoimient of new, improved processes, it is jirobable that 
in the future there will b(' many new commercial applications for lead 
plating, iiarticularly for the protection of metals like copiier and steel 
against certain acids, (lorrosive liquids and atmosiiheres, and as a sub- 
stitute for more ex])eusiv(^ and less available metals. Electr()i)lated 
lead coatings have been ])r()posed as a substitute for hot-galvanized 
coatings, especially when ]iaint is to be subsecjueiitly applied. A pre- 
liminary report of the AVire Test Committee of the American Sexuety 
for Testing Materials shows that, while lead-coated wires may show 
slight superficial rusting, the jxires apjiarently become healed before 
structural corrosion of the iron occurs. Tjcad can be dejiosited as an 
alloy with many nudals. Thus, by using the fluoborate solution it is 
jiossible to deposit alloys of lead and tin of excellent ])hysical char- 
acteristics.-^ The possibilities of lead as an electrodeposited bearing 
alloy component have become evident.’'^'* It is at least possible that 
lead plating may eventually find its widest a])plication in alloy deposi- 
tion processes. 

The three lead jilating baths used commercially are the fluosilicate, 
the sulfamate, and the fluoborate baths. The other proposed lead 
plating baths such as the acetate, perchlorate, dithionate, and alkaline 
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solutions have not reached the stage of wide commercial utilization. 
A comparison of the fluoborate and fluosilicate baths is given in 


Table I. 


Table 1 


I 


Bath 

Fluosilicate 


Fluoborate 


Advantages and Disadvantages 

Difficult to prepare for small scale plating 
operations as contrasted with lead refining. 

Bath subject to decomposition, giving silica 
and lead fluoride. 

Cheaper for large scale operations. 

Will not plate directly on steel, requiring a 
preliminary coating of copper. 

Gives finer-grained, denser deposits than ob- 
tained from fluosilicate. 

Less suscei)tiblc to decomposition. 

More expensive than fluosilicate. 

Gives a satisfactory plate directly on steel. 


FUNDAMENTAL PRINCIPLES OF OPERATION FOR 
COMMERCIAL BATHS 

Fluoborate Bath « 

FUNCTION OF CONSTITUENTS OF BATH 

When hydrofluoric acid and boric acid are mixed, it has generally 
been assumed that fluoboric acid is formed according to the equation 

4 Hr + TI3BO3 = HBF4 + 3H2O 

It is probable that the reaction is much more complicated and that the 
formula of fluoboric acid is more complex than HBF4. However, it has 
definitely been established that 4 moles of hydrofluoric acid react with 
1 mole of boric acid to give an acid stronger than hydrofluoric acid, to 
which the formula HBF4 has been assigned. 

In the fluoborate bath, lead is present as lead fluoborate, usually 
denoted by the formula PbCBFa)^. In practice, howler, it has been 
noted that, when a solution normal in fluoboric acid is saturated with 
basic lead carbonate, the lead content of the solution is about 1.2 AT, 
indicating that more lead is dissolved than corresponds to the fonnula 
Pb(BF 4 ) 2 . This may be partly due to the known presence or forma- 
tion of soluble hydroxyfluoboratcs. 

The fluoborate bath is usually operated in the presence of some free 
fluoboric acid and a slight excess of boric acid over that required to 
react with the hydrofluoric acid. The presence of excess fluoboric acid 
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increases the conductivity of tiic solution and gives finer-grained de- 
posits with less tendency toward treeing, i)robably because of the de- 
crease in lead ion concentration brought about by the free acid. The 
presence of excess boric acid has little effect on the character of de- 
posit produced, but it is desirable because it has been found to reduce 
the tendency for decomposition of fluoborate and subsequent precij)i- 
tation of lead fluoride. There can be no appreciable excess of hydro- 
fluoric acid in the solution over that required to form the fluoborate, 
since such solutions would produce a precipitate of lead fluoride. 

BATH FORMULAS AND PREPARATION 

As for other plating baths, the composition of the fluoborate lead 
bath varies, depending largely on the current density required. For 
deposits up to about 0.001 in. (0.025 mm) thick, produced at fairly 
low current densities, a bath of the following composition is recom- 
mended : ^ 

Ounces per Grams per 



Gallon 

Liter 

Basic lead carbonate, 2 (PbC 03 ) ■Pb(OH )2 

20 

150 

50% liydrofluork^ acid 


240 

Boric acid 

14 

106 

Glue 

0.025 

0.2 


This gives a plating solution composition of 



Ounces per 

Grams per 


Gallon 

Liter 

Leal 

16 

120 

Free fluoboric acid 

4 

30 

Excess boric acid 

1.8 

13.3 

Glue 

0.025 

0.2 


For bari'el plating operation or for still plating at higher current 
rlejisities in which heavy deposits up to 0,05 in. (1.27 mm) thick arc re- 
(]uired, best results can be secured from a bath of the following com- 
position : 

Ounces per Grams per 



Gallon 

Liter 

Lead 

32 

240 

Free fluoboric acid 

8 

60 

Excess boric acid 

3.55 

26.6 

Glue 

0.025 

0.2 


The fluoboric acid solution is best prepared by placing the necessary 
amount of commercial hydrofluoric acid in a lead-lined, rubber-lined, 
or wooden tank and slowly adding crystalline boric acid. Consider- 
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able heat is developed during the ensuing reaction. The solution is 
allowed to cool; then the lead is introduced as basic lead carbonate, 
in the form of a thick paste with water, added slowly with stirring. 
Considerable effervescence results from the dissolving of lead car- 
bonate in the acid and the resultant evolution of carbon dioxide. The 
solution is then diluted to the required volume and decanted or filtered 
into the plating tank. Since the commercial materials used in the 
preparation of the solution invariably contain sulfate, some lead sul- 
fate will be left behind in the original tank. The preparation of the 
fiuoborate lead bath thus entails considerable care and caution, and 
differs from the preparation of most plating solutions in that the chemi- 
cals used must be added in a s])ccific ord(;r. It is usually the practice 
to purchase a concentrated lead fiuoborate solution which can be di- 
luted to the required strength. Fluoboric acid can also be purchased. 

OPEIIATING CONDITIONS AND CJIAHACTKIUSTJCS 

The acidity of the fiuoborate bath is high enough so that the pH 
need not be (controlled. However, the concentration of free fluoboric 
acid in the solution, although not critical, should be maintained within 
fairly definitcc limits. 

The resistivity of the fiuoborate bath as determined by Blum and 
co-workers'* is: 


Total Pb 

Total HBF4 

Resistivity, 

Normality 

Normality 

olim-cm 

1.0 

1.0 

9.2 

1.0 

1.5 

4.5 

1.5 

1.5 

6.8 

1.5 

2.25 

3.5 

2.0 

2.0 

5.6 

2.0 

3.0 

3.1 


These data indicate that the fiuoborate bath ranks among the highest 
conducting plating solutions, the exact value being a function of the 
amount of lead fiuoborate and free acid present. 

The commercial operating characteristics of the fiuoborate bath are 

Tempeiature 25-40°C (77-105°E); above 40°C 

(105°F) use cooling. 

Cathode current density Dilute-type solution for thin deposits 

5-50 amp/sq ft, extreme limits. 
Average value, 20 amp/sq ft. 
Heavy deposits, 10 amp/sq ft. 
Concentrated-type solution 
5-70 amp/sq ft, extreme limits. 
Average value, 30 amp/sq ft. 
Heavy deposits, 20 amp/sq ft. 
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Cathode current efficiency 100% 

Throwing power Haring cell, 1:5 ratio, 8 to 9%. 

Anode current density 10-30 amp/sq ft. 

ma.int?:nance and control 

The sludge formed in the fluoborate bath ustuilly consists of lead 
fluoride or sulfate and can be removed by decantation or filtration. 
Copper can be removed by Um current density electrolysis, and it has 
i)een reported that iron can l)e lowered to 0.4 g/1 by the addition 
of fresh lead oxide to a pH of 3.4. 

The chief constituents of the fluoborate lead plating bath arc main- 
tained by chemical analysis, and the addition agent is controlled by 
])Iating tests. The ITiill cell may be effectively used to determine 
if sufficient glue or gelatin is ])resent in the solution to produce the 
j-equired grain structure and prevent undesirable treeing of deposits. 
'Fhe following procedure has been found satisfactory for the determina- 
tion of lead in the bath: 

1. A 10-ml sam])le is pipetted from the lead plating bath and diluted 
to 100 ml. 

2. This solution is heated almost to the boiling point, and a slight 
excess of dilute 10 to 20% sulfuric acid is added. 

3. The solution is allowed to cool and then is filtered on a prepared 
Gooch crucible. The precipitate is washed with a small amount of cold 
4% sulfuric acid, dried, ignited at not over 600°C, and weighed. 

4. Weight of i)recipitate multiplied by 9.1 equals ounces i)er gallon 
of lead; multiplied by 68 equals grams per lit(u of lead. 

Many studies of the exact determination of free fluoboric acid and 
total fluoborate have yielded only unsatisfactory results, owing to the 
tendency of the acid to dissociate or hydrolyze upon dilution or stand- 
ing. The following arbitrary method of control * has been developed 
and found satisfactory for maintenance of the bath: 

1. A 10-ml sample is pipetted from the lead plating bath and diluted 
to 250 ml. 

2. The solution is titrated with standard 1 N potassium hydroxide 
solution until the first permamait white cloudiness appears. This end- 
l)oint is taken to represent- the free fluoboric acid in the solution. A 
fluoborate lead bath operating properly should require 4 to (i ml of 
standard potassium hydroxide solution in this procedure. If the free 
acid is low as indicated by the titration, the bath is replenished by the 
addition of fluoboric acid. An abrupt increase in free fluoboric acid 

* This method is described here with the permission of R. M. Drews, Republic 
Steel Corp., Upson Nut Division, Cleveland, Ohio. 
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usually denotes a decrease in the lead content of the solution, and it 
may be corrected by the addition of basic lead carbonate in the correct 
amount. 

3. To the above aliquot solution arc added 5 to 8 drops of phenol- 
phthalein indicator, and the titration is continued to a permanent 
faint i)ink endpoint. This value is taken to represent the total fluo- 
borate content of the solution. Lead plating baths producing satis- 
factoiy results should require 26 to 30 ml of the standard 1 N potas- 
sium hydroxide solution in this procedure. 

The following method for free acid is believed to minimize the hy- 
drolysis represented by the reaction 

HBF4 + II2O ^ HBFhOII + IIF 

1. A 5-ml samyde is pii)etted into a 150-ml platinum or plastic dish. 

2. To the sample is added 2 to 3 g of anhydrous sodium sulfate; this 
solution is stirred with a i)lastic rod to dissolve the salt and precipitate 
the lead. 

3. One droy’) of methyl orange-cyanole indicator and 20 ml of ice 
cold water are added; this is titrated immediately with standard 0.5 N 
sodium hydroxide to a grtjenisli gray color, which is seen best after 
the lead sulfate is allowed to settle. Tlie alkali consumed is |luc to 
neutralization of IIBF4, HBF3OH, and probably HEF^COH)!*. 

4. To calculate the acidity as HBF4, the following equation is used: 

ml alkali X iiormalitv X 2.31 = oz/gal ITBF4 


ANODES 

Lead of satisfactory jmrity for anodes may be obtained either as 
“coiToding lead” or ‘'chemical lead.” The objection to the presence 
of small amounts of insoluble impurities in the anodes is the forma- 
tion of an anode sludge film, which causes an increased bath voltage. 
This sludge subsequently enters the plating solution and increases the 
tendency toward the formation of treed deposits. Anode corrosion in 
the liuoborate bath is 100 7^^ elFicient, and it is not necessary to add 
other anions to induce corrosion. 

Fluosilicate Bath 

FUNCTIONS OF CONSTITUENTS OF BATH 

Fluosilicic acid is formed by the action of hydrofluoric acid on silicon 
dioxide, which wdien treated with lead oxide yields the lead fluosilicate 
(PbSiFe) electrolyte. Lead is present as PbSiFe, and the electrolyte 
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is usually operated with some free fluosilicic acid. The free fluosilicic 
acid may vary over wide limits and still produce satisfactory deposits, 
but in general it is maintained at 3 to 5 %. Reeve, when plating army 
shell interiors and boosters, used a fluosilicate solution containing 18% 
of lead and 14% of fluosilicic acid, which when analyzed gave 2.9% 
free acid. 

Although it is possible to secure smooth deposits of lead from the 
fluosilicate bath at low current densities, higher current densities tend 
to produce treeing, especially of h(;avy dei)osits. Therefore addition 
agents, most of which arc colloidal materials or reducing agents, 
are always used. Glue is the most common addition agent in the 
fluosilicate bath. Reeve found that, although the fluosilicate bath 
as received from the lead refineries ready for use in plating contained 
about 0.5 oz/gal of glue, the quality of d(‘posit obi-ained was materially 
improved by the addition of another 0.7 oz/gal of glue. This was prob- 
ably because the original glue had hydrolyzetl and become ineffective. 
However, the use of too much glue in lead plating baths may result 
in the production of daj'k-colorcd deposits. 

BATH FOUMULAS 

The fluosilicate bath recommended by Betts contains about 8% 
lead and conforms to the following composition: 



Ounces per 

Grams per 


Gallon 

Liter 

Lead 

10 

75 

Total fluosilicate 

20 

150 

Glue 

0.025 

0.2 


The proportions of lead and free fluosilicic acid may vary over wide 
limits and still permit the production of good deposits. The solution 
employed by Reeve for plating shells had the following composition: 

Ounces per Grains per 



Gallon 

Liter 

Lead 

24.0 

180 

Total fluosilicate 

18.6 

140 

Glue 

0.72 

5.4 


OPERATING CONDITIONS AND CHARACTERISTICS 

The commercial operating conditions recommended for the fluosili- 
cate bath are: 

Temperature 35-40°C (95--105°F) 

Cathode current density, extreme limits 5-80 amp/sq ft 
Cathode current efficiency 100% 
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Tank voltage 0. 1-0.2 v at 10 ainp/sq ft 

Anode current density 5 -30 amp/sq ft 

MAINTENANCE AND CONTROL 

The fluosilicate lead bath is maintained by frequent analyses for lead 
and fluosilicate. The lead may be determined by the method de- 
scribed for the fiuoboratc solution. Tlic free fluosilicic acid may be 
approximately determined by titrating an ice-cold solution sample 
with potassium hydroxide, using phenolphthalein indicator.^"’ The 
total fluosilicate may be precipitated as the potassium salt, K^SiF^, 
by the addition of a hot alcoholic solution of potassium acetate, or it 
may be determined by titrating with potassium hydroxide in a hot 
solution, using i)henoljihthalein as the indicator. 

ANODES 

“Chemical lead” or “corroding Icad^^ anodes are coirimonly used in 
electroplating from the fluosilicate bath, iind they show excellent cor- 
rosion characteristics. As with the fluoborale solution, impure anodes 
may cause a sponge to form on the anod(i surface, thus materially in- 
creasing the bath potential and mfluencmg the character of the de- 
posit produced as a result of sludge accumulation in the bath. 

« 

Stjlfamate Bath 

CONSTITUENTS AND P^ORMULAS 

The solution consists essentially of lead sulfamate, Pb(SO;iNli 2 ):>, 
witli sufficient sulfamic acid to give the solution a pli of about 1.5 
Sulfamic acid becaime commercially available about 1938. Mathers,"'' 
Schweikher,^" Cray,^^ and Piontelli^“ have described tlic practical 
and commercial operation of the lead bath. The acid is stable and 
non-hygroscopic, and it may be considered a strong acid. As in other 
lead plating solutions, addition agents are needed to produc.e smooth 
fine-grained deposits. 

Since both the acid and the salt are solids easily soluble in water, 
the bath may be in’ei)ared by adding the acid and salt singly or as for- 
mulated salts to water. The solution is made up concentrated enough 
to provide for operation over a wide range of current densities. The 
usual lead concentration may be between 15 and 22 oz/gal, and the 
pH about 1.5. As shown in Table 2, the lead eoncentration should be 
at least 15 oz/gal to avoid spongy deposits at the higher current 
densities. 
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Table 2.“ Effect of Lead Concentration on Platino Chahacterirtics 
* IN THE SuLFAMATE LeaD BaTH 


Lead ConceDtratioii 


oz/gal 

g/1 

4 

80 

8 

60 

12 

90 

16 

120 

20 

150 

24 

180 


Current Density Plating Range, anip/sq ft 
120 90 60 40 25 15 10 

.loose sponge .... deposit no deposit. . . 

.sponge deposit thin 

. . . . sponge smooth lead deposit .... 

siionge . , . smooth, dense lead deposit 

smooth, dense lead deposit 

smooth, dense lead deposit 

120 90 60 40 25 15 10 


OPERATION AND MAINTENANCE 

The bath requires very liille attention except, as in other baths, to 
maintain the correct i)roportion of addition agents to jirodiice the de- 
sired deposit. The operating characteristics arc: 


Anode efficiency 
Cathode cOiciency 
Cathode current density 
Temperature 

Throwing power (J :5 ratio) 
Resistivity 


100 % 

100 % 

5-40 amp/sq ft 
24°C (75-120°P) 
About 0% 

About 8.5 ohm-cm 


The pH is easily controlled with sulfamic a(‘id or ammonia and can 
he measured with a glass or qninhydrone electrode. A pH less than 
1.5 or high temperatures will hasten the hydrolysis of sulfamic acid. 
The lead concentral ion can be controlled accurately enough by hydrom- 
eter readings with an occasiona.1 gravimetric analysis, and the Hull 
cell may be effectively used. 

High purity lead anodes are recommended, although sludge from 
impure anodes does not cause significant roughness of the deposit. 
Anode slime may, however, cause an incrc^ase in voltage. 

Acid-resisting tanks such as rubber-, brick- or asphalt-lined wood 
arc used. 


JjEad-Tin Alloy Platino 

OPERATING CONDITIONS AND CHARACTERISTICS 

It is possible to deposit from tlie fluoborate solution alloys of lead 
and tin which are finer grained than either of the metals deposited 
under similar conditions. The process was discovered by Groff while 
working on a satisfactory metallic coating for the inside of air flasks of 
naval torpedoes. The ])rartic,(* to be followed in the electrodeposition 
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of lead-tin alloys from the fluoborate bath is essentially the same as 
described for lead plating from this solution. 

A tin fluoborate concentrate which can be purchased can be added 
to a lead solution to obtain the desired tin concentration, or the tin can 
be introduced into the bath by electrolysis of the lead solution with tin 

Lead content of solution, g/l 



U- 1 1— • I 1 \ k - 1 1 \ 1 

0 6 12 18 24 30 36 42 48 53 59 


Tin content of solution, g/l 

Fig. 1. RoluLive couiiiosition of lead-tin solutions and deposits. 

anodes until the desired amount of tin as determinedjby analysis is 
present. Lead-tin anodes containing somewhat less tin than is desired 
in the dei)osit are generally used to simplify control of the tin concen- 
tration. Since tlie metal efficiency is 100%, it is possible to calculate 
the per cent of tin or lead in the deposit from the weight of the metal 
deposited and the ampere-hours. 

The curve of Blum and Haring shown in Fig. 1 gives the relation 
between the lead -tin ratio in the solution and the ratio of the metals 
in the deposit. 
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, MAINTENANCE AND CONTROL 

Within the range of 25 to 75 weight per cent of tin it is possible to 
produce continuous deposits of lead-tin having a composition which 
remains constant within a few per cent. By close control it is easily 
possible to produce alloy deposits of almost any composition. For 
bearings the tin content of the dej^osit is usually maintained at about 
10%. For solderabU^ coatings a higher tin content up to about 60% 
is used.^^ For alloy plating of bearings not more than 0.375 g/I of 
glue or greater than 12 a7n])/s(i ft liave been recommended.*^® This may 
have some relation to hydrogen embrittlement, since it has been 
sliown that the dilute lead fluoborate bath causes very little hy- 
drogen embrittlement compared to other baths, including the more 
concentrated lead baths. 


The analysis of the lead-tin bath is more difficult than that of the 
lead bath, especially for free acid. However, the procedures previously 
described for the lead bath can be applied for rough control of the 
alloy bath. Stannous tin can be analyzed by the usual iodine method. 

The following method for determining the deposit composition is 
based on determining accurately the weight of a given tin-lead alloy 
deposited by an accurately determined number of ampere-hours. The 
weight of deposit can be determined by iveight difference, i.c., by weigh- 
ing a small cathode before and after plating. The ampere-hours can 
be determined by a calibrated ammeter and stop watch (with a steady, 
unvarying current) or a coulometer. The coulometer can be a lead 
})lating cell in series with the alloy solution cell. The alloy solution 
cell can be the alloy i)lating tank. Let W = the weight of alloy de- 
posited, in grams; let A — the number of ampere-hours to deposit W ; 
let X = fraction of lead in the deposit. 1 — X will equal the fraction 
of tin in the dep(3sit. lOOX equals the per cent lead in the deposit. 
Then 


X = 2.341 - 


5.182A 


ADDITION AGENTS 

Since there is very little necessity for bright lead or lead alloy de- 
])osits, not a great deal of study has been devoted to addition agents 
for lead baths. The suppression of treed and very coarsely grained de- 
posits obtained without addition agents and an increase in throw- 
ing power and covering power are usually all that is required, and this 
is easily accomplished by common addition agents. In many cases the 
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same addition agents which have been found effective for acid tin baths 
are even more effective for lead baths; they may even be too effective 
in that they cause very fine powdery deposits. Materials such as 
glue or gelatin are most generally used. Betts has suggested gelatin, 
pyrogallol, resorcinol, saligenin, o-amidophenol, and hydroquinone as 
suitable addition agents in depositing lead from a fluorine acid salt 
solution. Blum and co-workers ^ found the effects of glue and gelatin 
in the fluohorate bath under similar conditions to be the same; i.e., 
there is less tendency for the lead deposit to form trees, and plates of a 
given thickness are finer grained and more nearly impervious. In 
commercial operation occasional small additions of glue are made 
whenever the deposits sliow a tendency toward roughness or treeing. 
In small scale experiments it has been found that over 800 g of lead 
could be deposited from 1200 ml of fluoborate solution containing 
0.2 g/1 of glue before treeing became evident,^ and even after this 
period of oi)eration the effect of glue was still noticeable in that the 
tendency toward treeing was less pronounced than in a solution to 
which no glue had been added. 

Anthraquinone sulfonate and polyetJicrs such as /?-naphthol, 
polyethylene oxide, and ('arbowax have ))een found effective for sulf- 
amale and fluoborate solutions. A few systematic studies pn the 
effect of wetting agents and surface-active compounds on polarization 
and structure of lead dei)osits have been made. 

Rosin and quaternary ammonium compounds have been used 
for alkaline lead solutions with the addition also of rochelle salts to 
aid in anode corrosion. 

Glue (or gelatin) and nvsorcinol are commonly used in the lead-tin 
fluoborate solutions. These agents not only promote smooth deposits 
but also increase the tin content of the alloy for a given solution com- 
position. 


PREPARATION OF BASIS METAL 

The cleaning procedure louiid satisfactory for ferrous materials, 
such as nuts and bolts that are to be barrel plated with lead, consists 
of a thorough electrolytic cleaning in the ordinary type of alkaline 
cleaner followed by a short pickle or dip in 5 to 8 % sulfuric acid or 
20% muriatic acid. 

In still plating it is often advisable to use sand or '^steel shot” 
blasting instead of pickling; this is essential if the lead deposits are 
subsequently required to withstand elevated temperatures. Pickling 
in either hydrochloric or sulfuric acid should continue for only a 
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short time, as this pickling period appears to be related to adequate 
adhesion of the lead plate. Even though lead can be directly deposited 
on iron and steel from the fluoboratc bath in a condition satisfactory 
for many purposes, it has repeatedly been found desirable to use a 
preliminary cyanide copper strike. Removal of the fine deposit of 
sand from the iron surface after sand blasting is important. Even a 
sulfuric acid jhckle at times does not dislodge all the silica from the 
])ores of the metal surface. “Steel shot” cleaning is iireferred. The 
copper strike is especially advantageous if the steel or (iast iron sur- 
face is rough, since the covering power of fhe copper is better than 
that of lead and the covering power of lead on coiiiier is better than 
that of lead on iron.^'' 

(XIRROSION RESISTANCE AND TESTS OF DEPOSITS 

Freedom from ])orosiLy rather than actual thickness of the deposit 
is in a large part the criterion for the protective value of lead deiiosits. 
llay lias repoi'ted that lead deposits protect iron and steel from 
corrosion indefinitely if they are at least 0.0008 in. (0.02 mm) thick. 
Kurrein ^ has stated that a thickness of 0.0001 to 0.0002 in. (0.0025 
to 0.0051 mm) of electroplated lead is sufficient to pass a porosity 
fnst. However, it must he remembered that lead is a soft metal and, 
if exposed to any abrasion oi* wear, a coating of tliis thickness will soon 
disappear. In any case, the exact thickness of lead required bo give an 
impermeable coating will depend upon the smoothness and cleanliness 
of the initial surface and uiion the structure of the lead (h^posit. Blum 
and co-workers 1 state that from solutions containing glue a thickness 
of 0.003 in. (0.076 mm) is sufficient for severe service, but 0.005 in. 
(0.127 inm) is recommended. With light coatings a slight burnishing 
or even scratch-brushing will render the coating less porous. Lead- 
plated nuts and bolts usTially have a thickness of 0.0005 to 0.001 in. 
(0.0127 to 0.025 mm). Most ferrous metals are plated with a thick- 
ness of 0.0005 to 0.008 in. (0.0127 to 0.2 mm), depending on the sub- 
se(pient exposure of the plate. If the lead coatings are to withstand 
severely corrosive liquids at elevated temperatures, as in cert^ain 
chemical apparatus, deposits of 0.05 in. (1.27 mm) or more may be 
required. 

The recently published results of corrosion tests of lead on steel 
by A.S.T.M. give the following generalizations on lead as a protective 
eoating for steel: 

1. There is a wide variation in the protective value of lead coatings. 
The coatings are more protective at New York (industrial atmoa- 



296 


MODERN ELECTROPLATINCJ 


phere) than at Kure Beach (seacoast atmosphere) , with intermediate 
effectiveness in rural and semi-troj^ical atmospheres. 

2. There is a similar variation of the corrosion rate of lead itself. 

3. The rate of corrosion of bare steel in different atmospheres does 
not seem to be related to the corrosion protection offered by lead to 
steel. 

4. A copper flash undercoating is beneficial for the thicker lead de- 
posits but accelerates steel corrosion for the thinner deposits. The 
critical lead thickness depends on the atmosphere and the coriosioii 
rate of lead. 

It is obvious that the corrosion rate of lead itself and the corrosion 
products of lead arc important in the protection offered by lead to 
steel. Because in some atmospheres the corrosion products fill and 
close up the iiores, it is difficult to evaluate the extent of sacrificial 
protection offered by lead to steel. Lead coatings do seem to have a 
tendency to protect steel clectrochemically in seacoast atmospheres,^'’ 
but it would apjiear that the protective and ])ore-sealmg properties of 
the corrosion ])roducts are of greater imjiortance, esjiecially where the 
corrosion products arc formed in an industrial atmosphere. As would 
be expected, the coarse crystalline deposits obtained from baths with 
no addition agent do not have as much protective power as the siiioother 
deposits from solutions containing addition agents. It has also been 
reported that deposits containing 5 to 6% tin have better corrosion 
resistance than deposits containing either less or more tin, especially 
as shown by the salt spray test. 

Although the salt spray test may be of doubtful value except to show 
gross imperfections, emergency specifications have been issued. 
These requirements are easily met by good lead deposits on smooth 
steel surfaces. 

A rapid test for porosity of lead deposits may be made by a modifi- 
cation of the ferroxyl test. The samples to be tested are washed in 
10% sulfuric acid to remove superficial particles of iron or iron oxide 
derived either from the solutions or from dust in the air, and are then 
treated with a solution containing 2.7 oz/gal of sulfuric acid and 1.3 
oz/gal of potassium ferricyanide. The presence of pores in the de- 
posit is indicated by the appearance, within a minute, of bright blue 
spots. 

The Brenner Magne-Gage has been found satisfactory for determin- 
ing the thickness of the lead coating. Another method involves the 
mounting of the specimen in some plastic material, such as lucite or 
bakelite, and measuring the thickness of the deposit under the micro- 
scope. However, with this method it is possible that the pressure used 
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in mounting the specimen may distort or compress the layer of clectro- 
dcposited lead. Still another method is the dropping or jet test,®^-'’'" 
using a solution of acetic acid and peroxide. 


STRIPPING OF LEAD AND l.EAD-TIN DEPOSITS 


The following solutions have been used with success for stripping 
lead or lead alloys from steel : 


A.''^ Sodium hydroxide 
Sodium metasilicate 
H,ochelle salts 
Temperature 
Work as anode at 

11. Sodium nitrate 

pH 

Temperature 
Work as anode at 


13.3 oz/gal (100 g/1) 
10.0 oz/gal (75 g/l) 
().7 oz/gal (50 g/l) 
82°C (180°F) 

20- 40 amp/sq ft 

07 oz/gai (500 g/l) 
0-10 

21- 82°C (70-180°F) 
20-200 amp/sq ft 


C. Immersion in 

Acetic acid 10-85% by volume 

Hydrogen peroxide (100 vol.) 5% by volume 


Method C, at 16"C, will strip 0.001 in. of lead in 6 or 7 min with 
very slight etching of the steel. Methods A and B will strip at the 
100% theoretical rate. With method B the voltage will increase quite 
suddenly when the lead coating has been removed. For instance, at 
room temperature and 100 amp/sq ft the voltage may be about 2.7, 
but it jumps to 4.6 v when the stripping is complete. With this solu- 
tion there is very little consumption of nitrate because the lead in 
solution hydrolyzes and precipitates. 

Occasionally, with solution A or B a stain remains on the steel 
after stripping. This can be removed by a half minute immersion in 
solution C, which leaves the steel perfectly clean and unetched (unless 
the voltage in the nitrate solution was lower than about 2 v). 
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Nickel pluLin^ is used ])rimarily to protect metallic objects from 
corrosion, especially steel, brass, and zinc die castings and, to a smaller 
extent, aluminum and inagiK'sium alloys. Good ap])earance is usually 
important, and tliercfore non -tarnishing chromium is usually applied 
on top of the ni(;ke]. f^ess frequently, gold or brass with a lacquer 
finish is used as a final coating. On account of its mechanical proper- 
ties, nickel iilating is used to some extent to repair worn parts, and for 
eUictroforming of printing plates, phonograph masf^ers, sheet, tube, 
screen, and many other articles^ 

The history of nickel plating goes back over one hundred years. 
It began in 1843 when R. Boettger (or Boetcher) described the first 
api)arently sound nickel plate, whicli he obtained from a bath contain- 
ing nickel sulfate and ammonium sulfate. Following the lead of 
Roseleur in 1849, Adams “ in 1809 was probably the first to do nickel 
plating on a truly commercial basis. He too used double salt baths, 
including both sulfate and chloride })aths, but so prepared as to be 
neutral and free from harmful impurities.^ He also introduced the first 
soluble anodes which contained iron and carbon.^ Many bath com- 
positions were proposed up to 1913, as shown in AVatts^ paper, ''Electro- 
deposition of Cobalt and Nickel.” •’ However, the only early develop- 
ments which have survived are: AVeston’s invention of the low voltage 
d-c generator in 1874, and his introduction of boric acid into the nickel 
bath ; ® the use of chlorides by Bancroft ’ and others to promote anode 
corrosion; and the discovery in the Elkington plant of Birmingham, 
England, in about 1912, that cadmium salts act as brighteners. 
Notable also is the observation that the higher metal content obtained 

* Houdaille-Hershoy Corporation, Detroit, Mich. 

t Chalmers Institute of Technology, Gothenburg, Sweden ; formerly with Gra- 
ham, Crowley & Associates, Inc., Jenkintown, Pa. 

t International Nickel Company, Bayonne, N. J. 

299 



300 


MODERN EJ.ECTROriATlNG 


by adding nickel sulfate to the nickel ammonium sulfate solution was 
desirable in many instances. Electrolytic nickel refining profited by 
the experience of the nickel plater and has made use of warm nickel 
sulfate-boric acid solutions since 1894. 

The rate of dcveloi)ment has been quite rapid since 1915. Among 
the mile posts along the road the following should be mentioned: high 
speed plating, begun by Watts with his famous '‘AVatts bath”; ® control 
of quality of deposits, first emi)hasizcd by Watts and DeVerter ® and 
finally maturing into American Society for Testing Materials-Amcri- 
can Elcctroplaters’ Society specifications in 1935; accurate pH control, 

Table 1. Summatiy of American Society for Testing Materials- 
Ameuican Electroplate rs^ Society Specifications 


Basis Metal 

Service * * * § 

Severe * 

General * 

Mild 

Steel 

Cu -h Ni, min. 

Final Ni, min. 

Cr, if required, min. 
Salt spray X 

Type D.S, 
0.0020 in t 
0.0010 in. 
O.OOOOl in. 
96 hr 

Type F.S. 
0.00125 in. 
0.0000 in. 
0.00001 in. 
72 lir 

Type K.S. 
0.00075 in. 
0.0004 in. 
0.00001 in. 
48 hr 

Type Q.S. 
0.0004 im 
0.0002 in. 
0.00001 in. 
16 hr 

Zinc 

Type F.Z. 

Type K.Z. 

Type Q.Z. 

Cu + Ni, min. 

0.00125 in. 

0.00075 in. 

0.0005 in. § 

Cu, min. 

0.0004 in. 

0.0003 in. 

0.0002 in. 

Final Ni, min. 

0.0005 in. 

0.0003 in. 

0.0003 in. 

Cr, if required, min. 

0.00001 ill. 

0.00001 in. 

0.00001 ill. 

Salt spray 

48 hr 

32 hr 

16 hr 

Copper 

Type F.C. 

Ty[)e K.C. 

Type Q.C. 

Ni, min. 

0.0005 in. 

0.0003 in. 

0.0001 in. 

Cr, if required, min.|| 

0.00001 in. 

0.00001 in. 

0.03001 in. 


* Terms not used in the specifications. 

t When copper is used in excess of 0.0001 in., its miniiiium thickness should 
be 0.00075 in. 

t Continuous, 35°C (95°F), 20% NaCl spray operated in accordance with 
A.S.T.M. Designation B 117-49T. 

§ Total of 0.0003 in. if no copper is used. 

II To prevent cracking of the chromium, the minimum should be deposited 
with a maximum of less than 0.00005 in. chromium. 
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introduced by Thompson;^® low pH baths, suggested by Phillips; “ 
commercial introduction of modern bright nickel plating begun by 
Schlottcr^- and the many later developments of it; design of baths 
for deposition of easily buffed, semi-bright nickel coalings; growing 
appreciation of the im]K)rtance of high purity electrolytes and of high 
ductility of and low stress in deposits; and development of automatic 
and highly imi)rovcd polishing, buffing, and plating equipment that 
makes possible today's high i)roduction rates and low costs. 

It is difficult to predict what the future will bring in the way of 
further develoi)inent, but one may exi)ect decided progress in bright 
and semi-bright nickel plating with deposits of higher protective value 
and greater ability to hide basis metal imperfections. The application 
of ])eriodically reversed current of high frequency to nickel baths con- 
taining only inorganic addition agents offers promise in both directions. 

SELECTION OF ELECTROLYTES FOR DECORATIVE 

PLATING 

The number of different solutions succ(‘ssfully used today is hjgion; 
however, they can be easily classified into a limited number of types 

The double nickel salt bath, with low nickel content and containing 
substantial amounts of ammonium salts, and the high sulfate nickel 
bath for plating on /iinc and zinc alloys have both become almost 
obsolete. 

The cojiiplex amn oniacal jiyrophosphate-citrate bath, containing 
bisulfite,^'^ was es})ecially designed for plating on zmv and its alloys. 
It has unusual ability to cover recesses without streaking but ])roduces 
nickel coatings that contain much basic material and is seddom used 
for si)ecifi cation work. 

The Watts bath ® is of paramount importance, because it is the basis 
of most modern baths used to apply decorative coatings, bright and 
semi-bright, and produces some of the deposits employed for engineer- 
ing purposes. It originally contained 32 oz/gal NiS 04 - 7 H 20 , 2.7 
oz/gal NiCl2*6H20, and 2.7 oz/gal HaBOa. At i)rescnt the chloride 
(iontent is at least tripled, and the boric acid content approximately 
doubled. This solution is operated at elevated temperature and is 
(capable of being used with high current densities. By the addition 
of other ions and by control of plating conditions, the nickel deposit 
can be had in various degrees of hardness, tensile strength, and elonga- 
tion to meet special mechanical requirements.'^ 
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Considerable interest is shown in the all-chloride bath developed by 
Blum and Kasper and by Wesley and Carey, with its very high 
conductivity and high anode and cathode efficiencies. The better- 
buffered half-chloride, half-sulfate bath of Pinner and Kinnaman has 
most of the advantages of both the Watts and the high chloride baths 
and has been found to be especially suitable for high speed production. 

The types of nickel i)lating baths most commonly used today are 
the bright and the semi-bright nickel baths. Both are modified Watts 
baths, ordinarily containing 10 to 12 oz/gal of nickel to which have 
been added certain addition agents. 

The modern bright nickel differs from the old-fashioned bright de- 
posits in that it can In) ai)plied in any thickness, with or without subse- 
quent chromium plating, and without blistering, exfoliation, or crack- 
ing. Furthtu’more, the luster is much more intense, and the plate (jften 
exhibits a greater smoothness than the underlying basis metal or pr(‘- 
coating. Finally, the modern bright plating baths are high speed baths. 

The smootliing effect is not sufficiently ])ronounced that the under- 
lying surface can be ignored. The recpiired smoothness of this surface 
depends on the requirements for the ai)peara,nc(^ of the finished plated 
article. This, in its turn, dei)ends on several factors. Parts vdiicli are 
viewed from afar need a less i)erfect finish than those which a1:*e se('n 
from a short distance*. Flat or slightly curved surfaces show up ini- 
perfections (including i)olishing lines) much more than do parts with 
a surface broken by the design or haAung areas of small radii. These 
factors become progressively less important as the thickness of the 
briglit nickel coating increases. 

How these considerations affect the polishing and plating practice is 
discussed in detail on jiages 332 to 336. With few exce])tions, bright 
nickel can be used to advantage as long as its relatively high brittle- 
ness does not preclude its use and properly designed preparatory 
cycles are employed. Included in the latter are: proper dies for form- 
ing the basis metal ; suitable jireparation of tin) basis metal by polish- 
ing or buffing or both; and, when required, a sniooth^non-grainy or a 
buffed copiier undercoating. 

Semi-bright nickel coatings must be buffed to get a mirror-like 
luster. Buffing of such coatings removes less of the plate and, there- 
fore, is accompanied by less decrease in corrosion resistance than when 
dull nickel plate is buffed. Bright nickel coatings ordinarily are not 
buffed unless the bath is out of balance, the racking is below standard, 
or polishing marks or other surface imperfections are to be hidden. 
In such cases, relatively light color buffing is used, which removes little 
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or 110 nickel. An undercoat of copper in sometimes used over imper- 
fect steel surfaces to reduce the buffing cost. Overall economy may 
be thus effected. 

- PRINCIPLES 

The Watts Bajii 

Anyone who wishes to understand mod(‘rn nickel plating as prac- 
ticed in the United States and Canada must first familiarize himself 
thoroughly with the Watts bath and the effects of all controllable vari- 
ables upon the properties of the deiiosits made from this type of 
(dectrolyte. In actual tonnage of nickel (lei)ositcd per year ibe bright, 
and semi-bright nickel baths ai'c of ])redoiiiinaiit importance, but they 
all include the basic Watts ingredients. Where other ingredients an' 
used in commercial baths, they are used for very specific purposes 
which will be discussed later. 

The fundamentals of nickel plating are to be observed in the effects 
of sncli varial)les as temperature, nickel concentration, current demsity, 
pH, and agitation upon de])()sits from the Watts bath. This l)ath 
oi)ened tlu' way for rapid plating at elevated temj)eratur(;s. This im- 
provomeiit was, in a large part, due to bath composition and operating 
conditi(.)ns favoring a rich and constantly replenished cathode film 
and higli anode efficiency. The inodei’n Watts formula is more con- 
centrated than th(' oihginal. A survey of recent information shows 
that it can be repi’es'^ iited reasonably well by the following: 

Nickel sulfate, NiS 04 - 7 Jl 20 40 oz/gal (300 g/1) 

Nickel chloride, NiCb-OlLO 8 oz/gal (60 g/l) 

Boric acid 5 oz/gal (38 g/l) 


Functions of Constituents 


NICKEL sulfate 

In the Watts bath the major part of the nickel ion content is con- 
tributed by nickel sulfate. This salt is used because it is the least 
expensive salt of nickel with a stable anion that is not reduced at the 
cathode, oxidized at the anode, or volatilized. Sulfates are also less 
corrosive than chlorides and some other salts of nickel. The limiting 
cathode current density for sound nickel deposits is a function of the 
nickel ion concentration in the cathode film, which in turn is dependent 
on the metal ion concentration of the bath itself. The larger amount 
of nickel sulfate now used in the Watts bath not only raises the limit- 
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ing cathode current density but also lowers the resistivity of the batli 
which reduces i)ower costs and improves plate distribution. 

CHLORIDE ION 

Chloride ions arc now introduced by adding nickel chloride insteat 
of sodium chloride to simi)lify the comi)osition and control of the batl 
and to avoid secondary effects such as an increase in stress of deposits 
ascribed to the presence of sodium ions. 

A priiici])al function of the chloride ion is to improve anode 
dissolution by reducing polarization; it also has marked effects ai 
the cathode. They are at a maximum in the all-chloride batl 
.Tudied in detail by Wesley and C'arey,^‘* who listed its advantaget 
and disadvantages. The advantages include: higher ])ermissibl( 
cathode current density; smoother, finer-grained, harder, and strongei 
dei)osits; less tendency to form pits, nodules, and trees; and increasec 
throwing power resulting from increase in cathode efficiency, electro- 
lyte conductivity, and slojie of the cathode potential curve. Disad- 
vantages are: greater corrosiveness of the electrolyte, which prevents 
the use of lead tank linings and coils; moi'e rapid rise in pH during 
use; lower ductility of deposits; and increase in stress, which will b( 
discussed later. A high speed nickel plating bath was develctlied bj 
Pinner and Kinnaman^'^ which contains chloride and sulfate in aboui 
equal normalities to combine the advantages of high chloride with r 
minimum degree of the disadvantages. This bath will be furthei 
discussed under heavy nickel plating. 

Craham, ITeiman, and Read indicated the importance of the 
chloride ion when they showed that a reduction of its concentratioi 
is the most profound change taking place in the cathode film during 
nickel plating, and that its effect uj)on precipitation of colloidal matte] 
may be associated with burning. 

DORIC ACID 

In the absence of a buffer, nickel deposits at ordinary temperaturet 
are prone to be hard, cracked, and pitted as shown by Macnaughtan.^' 
Yet Blum and Kasper made excellent heavy deposits from un 
buffered boiling electrolytes. There are special purpose commercia 
baths which utilize buffers other than boric acid, but the latter is gen- 
erally preferred because it is obtainable in a very pure and inexpen- 
sive form, is relatively non-volatile and stable, produces whiter de 
posits, and is helpful in its smoothing action on the plate. Its con 
centration is not critical in the Watts bath. 
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ADDITION AGENTS 

The only common addition agents in the AVatts bath are emploj^ed 
to prevent pitting. Wetting agents are used exclusively for this pur- 
pose in bright nickel plating baths and may be used in the Watts bath 
in the same way, as discussed on pages 317 and 318. One disadvantage 
in using wetting agents is that oil or grease dropped on the batii be- 
comes emulsified, has a harmful effect upon the ductility of the dei)()sit, 
and may be the cause of a serious outl)reak of pitting. Decomposition 
l)roducts of wetting agents may also accumulate in time and liave a 
similar effect until the bath is purified. 

Where the highest ductility is retpiired or when other physical 
j)roi)erties must be rigidly controlled, hydrogen peroxide is used as 
needed to prewent hydrogen pitting. It operates by depolarization of 
the cathode, as well as by oxidation of ferrous iron and decomposi- 
tion of undesirable organic contaminants of the bath. The amount of 
peroxide required to prevent jiitting is a function of liath purity. The 
usual recommendation for a Watts bath is an addition, once a day, of 
1 part of 30% hydrogen peroxide per 2000 part.s of solution. A grade 
free of organic stabilizers should be used. Localized additions of 
peroxide next to the cathode should be avoided; instead it should be 
added in a manner favoring its intimate and complete mixture with 
the whole electrolyte. By frequent analysis and additions, a constant 
concentration of hydrogen peroxide has been successfully maintained 
in a large scale nickel plating plant with uniformly good results. The 
1 ‘ate of dceompositioa of peroxide increases rapidly with increase in 
pli; hence this addition agent is more efficient in low than in 
high pH baths. An excess of hydrogen peroxide is to be avoided, be- 
cause it increases the contractile stress in tlie, dei)Osit, and, in still 
larger amounts, causes burning and embrittleiiient. 

Other oxidizing agents are used occasionally: for example, sodium 
j)erborate, which decomposes to form hydrogen peroxide; and nitrates, 
which have been employed in France. In England it is rather com- 
mon to add the chloride ion as i)otassium chloride, which is said to 
reduce incidence of pitting, at least under the conditions of the mod- 
erate current densities and temperatures employed there. 

American nickel plating baths commonly contain a small amount of 
cobalt derived from the anodes and salts. This fractional percentage 
of cobalt is considered to have no significant effect upon the proper- 
ties of the deposit. Experimental work which confirms this point has 
been completed in one of the research projects of the American Electro- 
platers’ Society.-^^ 
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COMPOSITION RANGES 

The above discussion of the functions of the ingredients of a Watts 
bath shows that the concentration can be varied over a rather wide 
range. The typical formula is excellent for an average cathode cur- 
rent density of 50 amp/sq ft at a temperature of 50°C. Under such 
conditions local current densities of one-half or twice this value will 
still result in excellent plating. If one wislics to plate at a lower aver- 
age current density, for cxairiple at 20 amp/sq ft, the nickel sulfate and 
nickel chloride contents may be halved. For higher current densities 
than normal, the salt concentrations can be increased, but the practical 
difficailty of excessive drag-out losses and crystallization limits changes 
in this direction. Current densities higher than 100 amp/sq ft arc 
better achieved by increase in agitation, temi)erature, and ratio of 
chloride to sulfate as ])rcviously shown. 

Ei'Tects of Other ('ontrollable Variables 

Other factors, like the electrolyte composition, also influence the 
nature of the cathode film and thereby the quality of the deposit. 
They arc current density, temperature, plly and degree of agitation or 
relative motion of cathodes and solution. They are all intent'.! ated, 
and to the extent that, if a variable such as current density is altered 
considerably without the other factors being altered at the same time, 
adverse effects upon the cathode deposit may be noted. For example, 
the typical modern Watts bath can be operated at 54*^0 and pll 2.0 to 
give sound, ductile gray deposits at 60 amp/sq ft with a moderate de- 
gree of agitation. If the current density is lowered to 2 amp/sq ft 
without reduction of the temperature or increase of the pll, bright 
brittle deposits will be obtained. 

Tlie relation between limiting current density, temperature, and pH 
in a bath of tlie original Watts composition (32 oz/gal nickel sulfate, 
2.7 oz/gal nickel chloride, and 2.7 oz/gal boric acid) was determined 
by Phillips and is summarized graphically in Fig. 1. Similar data 
are not available for more concentrated Watts solutions, but for them 
the limiting curves of Fig. 1 would be displaced to the right. The 
curves would also be displaced to the right for increasing rates of agi- 
tation of the electrolyte over the cathode surface. 

Phillips’ work showed that the range of permissible current densities 
is greatly extended at low pH, where smoother deposits are obtained 
because of the greater solubility of metallic impurities. Disad- 
vantages of lowering the pH too far will appear in the later discussion 
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of cuiTent efficiency and throwing power. A bath operated in the pH 
range of 1.5 to 2.0 is sometimes used for an original flash nickel coat- 
ing for the purpose of producing a smooth, adherent, rather lustrous 
base plate. 



Amperes per square fool 


Kig. J. riatiiiff ranges of Walts balli for 0 0005-in deposits according Lo 
"the ai'('a to tlu* right of any given line is file area of burned and peeled deposits 
al, thill, pH wJk'ii the deposit is 0.0005 in thick. The area to the left of any 
given line is the area of good deposits for that pll. 


METAl^ DLSTRlHUriON (THROWING POWER) 

As discussed in Chaiiter 1, the electrochemical jiropcrties which de- 
termine metal distribution over a cathode of a given shape arc cathode 
polarization, solution conductivity, and cathode clTiciency. A large 
slope of tlie cathode poteiitial-cjurreiit density curve, a small or nega- 
tive slope of the cathode current efficiency-current density curve, and 
a low specific resistivity of the electrolyte favor more uniform metal 
distribution or higher throwing ])Ower. How these characteristics of a 
Watts bath are affected by changes in the plating variables will indicate 
the probable effect of these variables upon throwing power. 

The specific resistivity of the Watts bath is about 11 ohm-cm at 
ti0°C, and it decreases in the usual way with increase in temperature.^'^ 
li also decreases with increasing total concentration and increasing 
chloride ion concentration of the bath. It is but little affected by 
pH within the range 2.0 to 5.5.^® 
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Like the cathode efficiency of all nickel plating baths, that of the 
Watts bath rises with increase in current density until the limiting 
current density is reached. It also rises with increase in temperature 
and with total concentration.-'^’ Increase in chloride ion concentration 
has a more markedly beneficial effect, but the effect of pH is most 
jironounc-ed. The current efficiency decreases rapidly with a fall in 



Fig. 2. TypicLil cathode efficiency-current density curves according to Wesley 
and Roelil : A, hard lialh ; B, Watts pH 5.5; C, Watts pH 2.0; D, chloride bath. 

pH.24. Typical cathode efficiency curves for nickel plating baths 
are given in Fig. 2, taken from Wesley and Roehl.^^ 

Cathode potential curves are presented in Fig. 3, wffiich shows that 
pH has no effect on the slope in the normal range, whereas rising 
chloride content has a somewhat beneficial effect, increasing the slope 
in the direction shown No data are available on the effect of tem- 
perature and agitation on the slope of these Watts bath curves, al- 
though it is known that a rise in these factors reduces the polarization. 

The preceding observations show that the throwing power of the 
AVatts bath should be improved by an increase in pH, temperature, and 
nickel and chloride contents. Actual metal distribution tests con- 
firm these eff ects in the low pH Watts bath but show that they are less 





NICKEL 


309 


pronounced at high pH. At high current densities, the low pH Watts 
bath is only slightly inferior to other nickel baths in respect to throw- 
ing power and can be made superior by sufficient increase in its 
chloride content.^” 

Harr noted that hydrogen peroxide reduced the throwing power of 
'the low p?T bath, but the effect did not last long after tlie addition had 
been made. He found that ferric sulfate is very detrimental to throw- 
ing powei', but ferrous sulfate is not. 



Eij?. 3 Typical cathode potential-current denshy curves according to Wesley 
and Roehl; A, hard bath; B, Watts joH 5.5; C, Watts pH 2.0; D, chloride bath. 

At least as important as throwing power in the determination of 
metal distribution of nickel deposits is the primary current distribu- 
tion which, in turn, depends upon cathode shape. Pinner discussed 
this factor and presented examples of improvement of plate distribu- 
tion through improvement of methods of racking. Disregard of this 
factor can be; the cause of w^aste of thousands of pounds of nickel 
through unwarranted ovcrplating on certain areas in order to meet a 
minimum specification on others. Broadly speaking, each particular 
article to be ,nickel plated presents its own problem, and a careful 
study is recommended, the goal being as uniformly coated an article 
as the application of all pertinent knowledge can produce. 

STRUCTURK AND MECHANICAL PROPERTIES OF DEPOSITS 

Roehl, Brenner, Zentner, and Jennings, and Heussner, Balden, 
and Morse report a wealth of data on the effects of pH, temperature, 
current density, and solution composition on the metallographic struc- 
ture and mechanical properties of nickel deposits from the modern 
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Watt« bath. These effects can be suminarized in a general way as 
follows. 

When i)lated at 55 ”C and pH 2.0, deposits from the modern Watts 
bath show a columnar or conical structure which grows coarser with 
increasing thickness. Grain refinement, or reduction in grain size, 
occurs as the pH is increased, the temperature decreased, or the 
chloride content increased. Tlie effect of current density varies with 
conditions. The hardness, tensile strength, and ductility of nickel 
dei)osits are almost always consistently related; that is, an increase 
in hardness is accom])anied by an increase in tensile strength and 
decrease in ductility. 

Soft, ductile deposits are obtained at pH 4.5 or lower. For examples 
a t('nsile sti-ength of 50,000 Ib/sq in. (35 kg/sq mm) , an elongation of\ 
37% in 1 in., and a Vickers diamond pyramid hardness (10-kg load) 
of 100 were observed by Rochl in nickel deposited at pH 4.5. As 
pM values were droi)])cd below 3 the hardness rose slowly, but as the 
pH was increased abov(i 5 the hardness rose rapidly, with a correspond- 
ing increase in tensile stj-ength and reduction in ductility. 

Chirrent densities over the range 10 to 50 amp/sq ft had little effect 
upon the mechanical properties of the i)late from the low bath, 
but at pH 5.0 there ajipeared to be some drop in hardness and tensile 
strength with increasing current density in this range. Brenner and 
Jennings obtained a Knoop hardness (200-g load) of 175 in a bath at 
pH 3.0 and a low current density of 10 ainp/sr] ft. They found that 
the hardness reached a minimum of 135 at 40 amp/sq ft and then 
increased slowly with further rise in current density. An increase in 
temperature of the electrolyte had the expected effect of decreasing 
hardness and tensile strength and increasing ductility. 

The increase in hardness and strength of nickel dciposits made at 
high pH has been shown by Macnaughtan, Gardam, and Hammond 
to be related to the amount of occluded basic compounds of nickel. 
Tlu\se are believed to be codeposited in a finely divided or colloidal 
foim dispei’sed through the nickel lattice in such a way as to interfere 
with slip. Brenner and Jennings doubt that the" relationship is as 
simple as that, since other factors, such as the structure and the cobalt 
content, play a role. 

Nickel can be deposited with a wide variety of ractallographic struc- 
tures and with controlled physical and mechanical properties over a 
wide range of values. When other than a soft ductile nickel is required, 
bath compositions quite different from the Watts solution are employed. 
These are discussed later in this chapter. 
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THE BRIGHT NICKEL BATHS 

The bright nickel solutions are basically Watts-type baths, contain- 
ing nickel sulfate, nickel chloride, and boric acid to which have been 
added brighteners. The functions of the inorganic salts are the same 
as in the Watts-type bath and need little further discussion. How- 
ever, conditions in the cathode film are more critical. They must be 
favorable not only for deposition of nickel but also for the functioning 
of the addition agents which modify the i)roccss. Therefore the nickel 
content is somewhat higher, 10 to 12 oz/gal, the chloride ion con- 
tent should be at least L8 oz/gal and, in some solutions, as high as 
about 6 oz/gal, and the boric acid content should be not less than 5.0 
oz/gal. Under these conditions, slight burning at extremely high cur- 
rent density points, which does no particular harm in dull nickel plat- 
ing, is avoided. Also, the high boric acid content favors ductility and 
adhesion. Operating variables will be discussed below. 


Brightenrrs of tjie First Class 

Many brightenc'rs for nickel fall into two fairly distinct classes. The 
first class consists of those compounds which have in the molecules 

I -1-+ 

II group. When added to the Watts bath, suitable com- 

pounds of this class produce bright plate on buffed surfaces. They also 
l)crmit the use of hirlier concentrations of compounds of the second 
class and of reducible impurities. 

The first class of compounds used in a Watts-type bath were the alkyl 
naphthalene sulfonic acids proposed by Lutz and Westbrook.®^ More 
useful have been the unsubstituted aryl poly sulfonates with from two 
to three sulfonic acid groups (Schldtter especially the naphthalene 
(lisulfonic acids, of which the 1,5-acid is si)ccifically preferred by 
Waite.'’'^ a- and /?-Naplithalene inonosulfonic acids, a-naphthylamine- 
3,6,8-trisulfonic acid, three toluidine sulfonic acids, and o-toluidine di- 
sulfonic acid have also been mentioned. Harshaw and Long‘^^^ 
suggest diphenyl sulfonates, and Kosmin dipheriylbenzene and 
hydrogenated diphenylbenzene polysulfonates. 

In all these sulfonic acids the double-bonded carbon is furnished by 
the aryl ring. However, Hoffman cites a number of substituted eth- 
ylene and aldehyde sulfonic acids, said to be especially suitable in high 
chloride baths, in which the double bond, in a-position to the sulfonic 
group, is furnished by the alkylenic chain or aldehyde group. Accord- 
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ing to him, the double bond may also be in j9-position to the sulfonic 

I I -j — 1- 

group and have the general formula - C — C— S(3 — . 

I 

Brown has added several subclasses to the general class 

I + 

C — SO — . These brighteners include the very important aryl sul- 
fonamides and sulfiraides,^’^ a preferred combination in his baths be- 
ing p-toluene sulfonamide and o-benzoyl sulfimide. They provide 
nickel baths with a lesser sensitivity than the sulfonic acids to brightj 
eiiers of the second class and to reducible impurities. 

In his discussion of this class of compounds, Brown points out that\ 
the strength of the C — S bond is important and is modified by other 
active groups present. With the less soluble compounds, brightening 
is manifested mainly in low current density areas. As in the sulfonic 
acids, the double-bonded carbon of the sulfonamides can be supplied 
by a- or )3-unsaturated aliphatic groups. The a-compounds are some- 
what more effective in increasing tolerance to brighteners of the sec- 
ond class and to I'educible impurities. Their own brightening effect, 
on the oilier hand, is less pronounced than that of the ^-compounds. 
The main value of the unsaturated aliphatic sulfonamides is in high 
chloride, nickel baths. 

Another subclass disclosed by Brown is the arylsulfinic acids, such 
as the benzene- and the p-toluene sulfinic acids, which are more effec- 
tive than the aryl sulfonic acids and sulfonamides in increasing toler- 
anc!e to many substances whicli by themselves give peeled oi' dark 
plates or misplating in low current density areas. Tn this patent 

1 + 

Brown continues his discussion of structure of — C — SO — compounds. 

The last subclass proposed by Brown consists of arylsulfone sul- 
fonates in which the arylsulfone group provides superior brightness 
and greater tolerance to zinc and organic substances than the aryl 
group. 

Bhighteners of the Second Class 

The second class of brighteners, used in all modern bright nickel 
baths, differs from the first class in that its members cannot be used 
alone in a Watts-type or high chloride bath without producing exces- 
sive brittleness and stress in the nickel deposits. The color of the de- 
posit also leaves much to be desired even when optimum amounts are 
added. They become important only when used in conjunction with 
brighteners of the first class, which reduce brittleness and stress. Suit- 
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able eoml)inations of brighteners of the two classes furnish the highly 
inirror-like luster required in modern bright nickel plating. 

Like the brighteners of the first class, those of the second contain 
several subclasses. In fact, the subclasses differ very greatly from each 
other chemically. 

The first of these subclasses comprises ions of metals which are char- 
acterized by high hydrogen overvoltage in acid solutions. They in- 
clude ions of zinc,^"’"’^’ '^’ cadmium,’^^- *^^'-'^' and mercuiy in 
the second subgroup of Grou]) 11 of the ])eriodic system, and thallous 
and lead ions, which metals are found side by side with mercury 
in the third long period of the i)eriodic system. J^ead, which is nearly 
insoluble in the AVatts bath, was intr()duced with large additions of 
citric acid, and apparently was present at supeivsaturation, (‘asily dis- 
turbed. One metal with high hydrogen overvoltage, tin, is not included 
in this list, but Viers and Case cite it with zinc, cadmium, and leatl 
as furnishing ions that cause grain refinement of nickel deposits. 

To this first subclass of the second class may also belong certain 
compounds of sulfur,^''^ selcnium,^'’^'^^® tellurium,®^ and arsenic.^^ The 
first three of these elements belong to the second subgroup of Group 
VT of the periodic table, and arsenic to the second subgroup of Group 
V. All of them (as well as mercury, antimony, and l)ismuth) are 
known to make iron absorb hydrogen during i)ickling, cither by 
increasing the hydrogen overvoltage or by a poisoning effect which 
reduces the ability of iron to catalyze the reaction 2H ^ 

The second subclass of the second class of nickel brighteners com- 
prises organic compounds containing unsaturated C— 0, C=C, C=C, 
G N-“N, and N=0 groups. The presence of these groups, how- 
ever, does not guarantee that the compound is a good brightener, 
because other bondings and groups in the molecule may seriously in- 
terfere with their effects. 

The prototype of the C - 0 compounds is carbon monoxide, which 
in fact produces bright, cracked deposits.'’® In monoketones the 
C=0 group has hardly any effect, but in the polyketones it does. The 
aldehydes are still more effective, especially formaldehyde and 
the chlor- or brorn-substituted aldehydes.'^^ The effects of structure 
of aldehydes is discussed by Brown.®®- 

As a rule, carboxylic acids have no brightening effect. An excep- 
tion is formic acid.®’^-®^'^^ 

The most active aldehydes are those which contain a C=C group 
in addition to the C--0 group.®®- ®^ The practical usefulness of these 
aliphatic aldehydes, however, is slight because of their great tendency 
to form resins which interfere with the nickel deposition (‘‘skipping’’!. 
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The aryl aldehydes are slightly soluble in the nickel bath and are, 
by themselves, valueless. However, the sulfonated aryl alde- 
hydes have seen considerable commercial application, especially 

o-sulfobenzaldehyde.^'^'^^ It is possible that the slight unsaturation 
characteristics of the aryl ring strengthens Lhe unsaturation charac- 
teristics of the aldeliyde group. P'reed and Stocker comment that 
tlie benzene derivatives arc more desirable than the naphthalene and 
the anthracene derivatives. Sulfocinnamaldehyde, having a Cj C 
group in a-position to the gruuj;), shows a j:)articularly strong 

brightening effect. | 

The sulfonated aldehydes (‘oinbinc in one molecule botli the (' 

and the — 80 — gmLii)s and hejice can Ixi used aloiu; in the nickel ^ 

bath without further addition of sulfonates, etc. However, the pre- 
feJTod sulfonated aldehydes seem to i)erform bettcj’ when other de- 
sirable sulfonates are also i)resent.'^''’'’'’ 

I -I 

Similar combinations of the SO- grou]^ and unsaturated 

grou])s are offei'ed by the substituted ethylene sulfonic acids of Hoff- 
man and by the ethylene sulfonamid(‘s iind the chlor- and brom- 
substituted ethylene sulfonamides of Brown already dis(;ussed in 
connection with the first class of brighteners. Brighter plate may be 

had when there is also present a regular =C- — SO — comi^oimd or a 
metallic ion brightener.‘‘^‘’-’® The tolerance to the latter ions and to 
co])per contamination is raised most effectively by these aliphatic 

I H 

- O— SO— conii)ounds. Brown points out that his compounds, 

like all =C — SO — compounds, can be used in any desired concen- 
tration up to saturation. What has been said about these ethylene 
dei’ivatives also holds true of the previously discussed p double-bond 
compounds in the same iiatents.'^'’’ 

A number of other compounds containing the Gi=C bond and re- 
(juiring the presence of compounds of the first class have been men- 
tioned in the patents. They include allyl compounds and certain 
alkaloids; the complex structure of the latter, however, makes their 
value questionable. The C=C bond occurs in acetylene, which has 
a brightening effect when bubbled through a Watts-type nickel solu- 
tion. 

A large number of brighteners containing the C=N group have 
been proposed. Among them are the important safranines and other 
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azines,®^ oxazines and thiazines,®^-*"*® indamine and indophenol 
dyes,''^’^'®^’ and the di- and triphenyl amine derivatives, of which 
^ decolorized fuchsin is the preferred example. Most of the compounds 
' are employed in very low concentration, of the order of 0.3 to 13 
oz/1000 gal, and produce extreme brittleness when used alone; some 
also produce streakincss and burning. The most effective compounds 
of the first class are needed to reduce brittleness and other (Ud’ects. 

No compounds cariying C=N have been encountered in tlu' lite]*a- 
ture on blight nickel. 

Lind ...nd e.o-workers have also patented the use of eomjiounds 
carrying tlie N^ - N group, namely the azo dyes and other azo com- 
pounds. They indicate some of the limitations on structure and 
substituent groujis; these are similar to those given for tlic V N 
compounds. 

Bi'own has suggested compounds containing N-- O groups. Thosi' 
Lhat ill addition carry a. C-C' group in a-position are more eflective 
than the saturated nitro comiiounds (paralleling the difference be- 
tween erotonaldeliyde and butyraldehyde). Sulfonic derivatives, such 
as the 2-nitroviiiyl benztnie sulfonic acids, ai'e preferred, because the 
sulfonic group eliminaL^s the low soluliility and oiliness that other- 
wise? ai'c (^countered. They are said to giA^e very bright, ductile 
plate. 

1 1 N OLASSl KJED BrKU I TEN ER8 

Tlie baths develop'd by Weisberg and Stoddard,'*-’ iiinrichsen,'^- 
and Freed contain added cobalt. An excess seems to have no detri- 
mental effect on brightness. Cobalt improves the corrosion resistance 
of the deposit. The cobalt content usually falls within the range of 
1 to 20% of the deposit. The formate ion 
high concentration. 

Weisberg and Stoddard have used a small amount of ammo- 
nium ion to produce brightness, but an excess causes darkening and 
embrittling of the deposit. Its use is unnecessary in solutions puri- 
fied according to modern standards.^’- Simple amines have a brighten- 
ing effect, but the accompanying darkening and embritBement of the 

I 

deposit is not overcome by the use of C=-SO— compounds in high 
concentration. The brightening produced by certain useful com- 
pounds of the second class containing amino groups there- 

fore appears to be due largely to the unsaturated bonds and not to the 
amino group or groups. 
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Brightener Reactions at the Cathode 

Brown visualizes the primary cathode reactions as reductions. 
Nickel is believed to catalyze the reduction of compounds of the 
first class. The sulfur-containing reduction products of the bright- 
eners of class two are thought to poison the catalytic nickel and 
thereby regulate the reduction of brighteriers of class one as well as 
of redu(uble impurities. This view is supported by analysis of de- 
jiosits for carbon and sulfur and by Brown’s demonstration of thej 
catalytic effect of nickel and its poisoning. 

The actual mechanism of brightening is not understood, although 
several attempts have been made to explain it.‘^‘’ 


Choice of Brighteners 

A consideration of the chemical reactions indicates that the par- 
ticular configuration of the molecule carrying the brightener grou]) 
and the nature and exact position of substituent groups in the mole- 
cule should be of considerable importance in at least three respects. 
The many comments in the patents support this view. First, thc‘se 
factors determine the solubility of the compound, which must be high 
c'nough to supply a sufficient amount of brightener without oily ef- 
fects. Second, the substituent groups must not be such tliat they or 
tlieir reduction or reaction products exert an unfavorable effect on 
the })late. Such an effect ma}'' be offset substantially by insufficient 
concentration of such groups or reaction products, by their position 
in the molecule, or by the presence of suitably positioned other groups 
which neuti'alize their effect. Third, the substituent group must not 
lessen the reactivity of the brightener group too much, particularly 
that of a lelatively weak brightener group, and it may be desirable 
to increase it. However, if increased reactivity causes resinifi cation 
in tlie body of the solution, it becomes undesirable. 

Bath com])osition and operating factors will infliience the rate and 
jiossibly the mode of reduction of the brighteners. This is particu- 
larly true of the comjiounds of the second class, which as a rule are 
the more critical; those of the first class function well willim wide 
ranges as long as they are added in sufficient cpiantities and arc suffi- 
ciently soluble. Many compounds of the second class do not function 
well in high chloride solutions. Some give bright plate (in the pres- 
ence of compounds of the first class) only within limited current 
density ranges. All function best within a particular, frequently 
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narrow, y?Ii range which varies with tlic type of compound and even 
with its individual structure. 

Practicably, only a limited number of compounds are of commer- 
cial value in producing bright deposits. When one considers that 
there are other factors than brightness, the choice becomes even 
narrower. The corrosion resistance provided by the deposit must not 
be lowered, and hence conditions producing desired brightness must, 
not facilitate codeposition of harmful impurities (copper, for exfiinple, 
is very harmful or result in deposits having both high stress and 
low ductility. According to Lyons,”^^ many effective brighteners are 
not acceptable because tlicy materially reduce adhesion by becoming 
adsorbed on the basis metal surface. Brown has shown that fur- 
fural, which is an active briglitener of the second class, in an amount 
of about 0.134 oz/gal causes the nickel dc])osit to adhere poorly to 
steel but does not interfere with the adhesion to a cyanide copper 
flash deposit. WhctJicr this is a question of adsorption of the bright- 
ener itself or of the difference in reducibility at the different cathodes 
and subsequent adsoi-ption of the reduction product itself or of con- 
densation i)roducts was not determined. Brightness is not always 
accompanied by desirable smoothing action; in fact, sejui-bright de- 
posits may be smoother than bright deposits.'^-' 

^VF/^TING Agents 

Because hydrogen peroxide oxidizes unsaturated organic brighteners 
(formaldehyde is oxidized to desirable formic acid, which is not oxi- 
dized further), it cannot be used to prevent pitting in bright nickel 
baths containing such brighteners, if for no other reason than that of 
cost. Bright nickel baths containing certain aldehydes 
are seldom subject to pitting and may not require special anti-pitting 
agents. In other baths, wetting agents are used to reduce the contact 
angle between bubbles of hydrogen or other gases, such as air, and 
ihe nickel surface and make the bubbles disengage themselves before 
they can reach i)itting size. 

Sulfates of normal primary alcohols containing from 8 to 18 car- 
bon atoms, especially the sodium lauryl sulfate, were the first wet- 
ting agents used and are still employed to a large extent. Alkyl-sub- 
stituted benzene sulfonates with from 10 to 19 carbon atoms in the 
alkyl chain have also been used. Lately, other types of compounds 
have been suggested for this purpose, examples of the different types 
being sodium lam’yl sulfoacctate,'" sodium monolaurin monosulfate, 
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the sodium salt of lauric acid monoester of diethylene glycol sulfo- 
acetate/® and 1-oxydodecy 1-1 -sodium sulfonate methane.^® 

Except for the alkyl benzene sulfonates, compounds with a straight 
chain are preferred to those with branched chains. The most satis- 
factory chains usually contain from 12 to 14 carbon atoms. The con- 
centration of these compounds varies with type and kind but is usu- 
ally of the order of 0.067 oz/gal. With a high content of oil or grease 
in the bath, higher-than-normal concentrations of wetting agent are 
sometimes used, but such practice is likely to cause difficulty with 
the corrosion resistance of the nickel deposit. Because of their high 
surface activity, wetting agents tend to adhere to the nickel surface, 
and their loss by drag-out is higher than that of any other constituent 
of the bath. Care must be taken that adhering wetting agent is re- 
moved by thorough rinsing prior to chromium i)laling. The rinse may 
be followed by a short cathodic cleaning operation, a second rinse, 
acid dipping, and a third rinse. 

Because all bright nickel processes are proi)rietary and subject to 
change, the present authors find themselves unable to discuss tlie 
individual baths. They suggest that the recommendations of the 
purveyors of bright nickel solutions be followed. 

# 

SEMI-BRIGHT NICKEL PLATING 

Because of inherent brittleness, bright plates from solutions con- 
taining organic addition agents have been restricted in application. 
Such limitation is impoiiant where i)arts are subjected to externally 
applied stress as, for example, are automobile bumi)er bars. A fur- 
ther limiting factor is the inability of bright plate to hide or cover 
up such imperfections in the basis metal as deep polishing scratches. 

Deposits from the Watts bath have been used where bright nickel 
was not applicable, but they have the disadvantage of requiring a 
comparatively large amount of buffing in order to provide the desired 
luster. Thus industry has had to choose between: (1) a rather soft, 
draggy Watts plate having excellent ductility, and a hard, brittle, 
bright plate possessing practically no flowing properties under the 
buffing wheel for scratch-hiding. 

Recently, nickel plate has become available which is intermediate 
in hardness, ductility, and grain size between the Watts-type plate 
and- the bright plate. These deposits have been designated semi- 
bright and have filled the requirement of a nickel coating possessing 
excellent buffing properties together with acceptable ductility and 
good scratch-hiding properties. There are two classes of baths for 
such deposits. Both have the basic Watts bath formula: one/^^-^® 
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employs organic addition agents, and the other is a modification of 
the bath producing the bright cobalt-nickcl alloy. 

The semi-bright plate allows a marked reduction in the cost of 
buffing labor and materials. In addition, the smaller amount of metal 
removed lowers the nickel plating cost because less plate is required 
before buffing in order to arrive at the required thickness afterwards. 
As a substitute for bright nickel in certain applications, the semi- 
bright nickel makes possible savings in basis metal polishing costs. 
Inasmuch as the plate has good scratch-covering power, plus good 
flowing ability under the buffing wheel, the quality of the basis metal 
polish may be lower. As far as the basis metal composition is con- 
cerned, the semi-bright nickel plating baths are used in the same man- 
ner as tlie Watts or bright j)lating solutions, 

SPECIAL PURPOSE BATHS 

A number of applications for nickel plate require baths of special 
composition. Those to be considered now are operated at low bath 
temperatures, to avoid deleterious effects upon the basis material. 
Bath formulas and preferred operating conditions are shown in 
Table 2. 


Electrotyping Baths 

Solution A of Table 2 is typical of those recommended for plating 
over wax and lead molds.^‘^ The ammonium salt increases conduc- 
tivity and provides buffer action at the high pH. Boric acid is not 
included because it leads to undesirable stress and cracking of the 
plate at such low temperature, high pH conditions which are neces- 
sary for covering or spreading over the surface of a treated wax mold. 
Air agitation is commonly employed to permit operation at the upper 
(aid of the current density range. In plating on stereotypes, where 
the problem of covering is not serious, some modern electrotypcrs 
apply nickel from standard hot baths or from bath J at current densi- 
ties as high as 40 to 50 amp/sq ft. 

The Double Salt Bath 

Solution B finds little application in this country, although it is 
representative of still baths widely used abroad. It can be employed 
only at room temperatures and low current densities. It is used for 
deposition of thin coatings, e.g., on brass, cheap jewelry, and novel- 
ties.* A former, common practice was to add a brightener like gum 



320 


MODERN ELECTROPLATING 


Table 2. Special Purpose Nickel Baths 




Gonceiitration 

pH 

Temperature 

Normal 

Cathode 

' Solution 

Ingredients 



f electro- 



Current 


o//gal 

k/1 

inetncl 

"F 

“C 

Density, * 
amp/sq ft 


A. Electrotyping 

Nickel sulfate 

9 

70 

5 6-6.0 

90 

32 

10-20 


Ammonium chloride 

0 7 

6 





D. Double salt 

Nickel sulfate 

10 

120 

5. 0-5. 5 

room 

room 

5 10 


Ammonium chloride 

2 

15 






Boric acid 

2 

15 





C Barrel plating 

Nickel sulfate 

20 

150 

5 0 5.6 

75-90 

24-32 



Animoiiium chloride 

4 

30 






Boric acid 

4 

30 





1) Higli Buiralc 

Nickel Hull ate 

13 

100 

5.3-5. 8 

70-90 

21 32 

10 35 


Aminomiim chloride 

4 

30 






Anhydrous sodium sullate 

13 

100 






Bone acid 

2 

15 





hj Black nickel 

Nickel sulfate 

10 

75 

5 0 5.9 

120 130 

49- 54 

5 20 


Nickel ammonium Hull ate 

0 

45 






Zinc sulfate 

.5 

37 






Sodium thiocyanate 

2 

15 





K Hard nicki'l 

Nickel sulfate 

24 

180 

5 6-5.9 

1 to- 140 

43-00 

25-50 


Ainmomum chloride 

3 3 

25 






Boric acid 

4 

30 





0 Chloride 

Nickel chloride 

40 

300 

1.5 2 0 

140 

60 

25 200 


Boric acid 

4 

30 




• 

11. Chloride-HiiUatc 

Nickel sulfate 

20 

200 

1 5-2.0 

115 

46 

25-100 


Nickel chloride 

23 

175 






Boric acid 

5 3 

40 





.1. (^hlorule-acctatp 

Nickel chloride 

17.2 

130 

4 5 

120 

49 

50 


Nickel ae-etate 

18 

135 






* Cathode current density permiHSible in still baths or with agitation only sullicieiit to prevent stratification. Higlier 
current densities are possible with increaHcd rate ol agitation. 


tragacanth, gum arabic, or cadmium salts, but these deposits were 
very brittle and were a]it to fail when chromium plated. 


Barrel Plating Baths 

Solution C, being more concentrated than B, has4he wider range 
necessary for the barrel plating of small parts in bulk. The bright- 
eners used with bath B are also encountered here. Modern pro- 
prietary bright nickel baths are now available for barrel plating to 
yield a superior product at higher rates of plating.^^*®^ 

The High Sulfate Bath 

Solution D is of a type developed by Thompson for plating nickel 
directly upon zinc alloys. The high content of sodium sulfate sup- 
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presses ionization of the nickel sulfate and thus prevents deposition 
of’ granular nickel by chemical displacement on the zinc surface. Be- 
cause the nickel deposits from this bath are brittle and highly 
stressed, a thickness limitation of less than 0.001 in. (0.025 mm) is 
imposed. This necessitates transfer of the plated part to a second 
nickel bath, and difficulties encountered in securing good adhesion 
between the two nickel layers have caused solution D to be sup- 
planted by the cyanide copper bath.^'^ It is described here because 
it has a high tlirowing power and may be useful in plating on alumi- 
num and magnesium alloys which have been coated with zinc by an 
immersion process. 


The Black Nickel Bath 

Bath E is special for deposition of a decorative black finisli which 
contains not only nickel but also large amounts of zinc and sulfur. 
Details can be found in an article by Poor.*^'^ For better corrosion 
protection, a layer of pure nickel can be deposited on the basis metal 
jn’ior to black nickel plating. 

MAINTENANCE AND CONTROL OF NICKEL BATHS 

A modern nickel plating bath may be regarded as a highly (‘,oni- 
jilicated piece of production equipment and should therefore be ac- 
(‘orded all the attention that is given to any piece of precision ma- 
cliinery. Oversight or neglect of any phase of maintenance or control 
of the nickel plating process can lead only to defective work, lost 
time, and high production cost. 

Maintenance and control should start with the installation of the 
tank and its auxiliary equipment. Satisfactory, thoroughly tested 
tank linings and internal heating elements arc available and are gen- 
erally used. Heating of the solution by means of an external heat 
exchanger is much to be preferred. Of the materials used for internal 
heating elements, lead, carbatc, and glass coils are commonly em- 
ployed. Whereas lead was at one time used almost exclusively, it has 
in later years been replaced by either car bate or glass in order to 
avoid the possibility of metallic contamination. Lead is soluble in 
high chloride nickel baths. For this reason lead coils should not be 
used where the nickel chloride content is higher than 8 oz/gal. 

Carbate heating elements are widely used in such baths, and, since 
they have very excellent heat transfer properties, they may be employed 
in any type of nickel plating solution. The one disadvantage of such 
heating elements is their fragile nature, which requires unusual pre- 
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caution to place them in such a position in the tank that physical 
damage becomes unlikely. Glass heating coils avoid both metallic 
contamination and stray electrical currents, but have the disadvantage 
of a relatively poor coefficient of heat transfer. 

Since insulation defects may be the direct cause of poor adhesion 
and may result in current loss or poor plate distribution, tanks should 
be mounted on positive insulators such as glass or glazed ceramics. 
All piping connections for water, steam, and air exhaust should be 
etiuipped with permanent insulating joints in order to avoid electrical 
grounds and short circuits. The ground lights, described by Borchert 
and Kinnaman,^^’ are useful control devices. The use of wood for drip 
boards or anode-rod supports is objectionable. All anode and cathode 
bars, racks, and contact points should be kei)t reasonably free from 
encrusted salts in order that good electrical contact be mainlained. 
Contamination of the bath with copper must be avoided. Wrapping 
the anode bars with polythene sheeting is a step in that direction. 

The best maintenanc-e and control is effected by providing adequate 
facilities for proper cleaning and preparation of the work. Complete 
removal of greas(‘, solid particle dirt, oxide, scale, and sinnt is neces- 
sary if adherent, relatively non-i)orous and smooth deposits ai’e to be 
secured. Sufficient rinsing facilities, preferably in the form of* small 
multiple-compai'tmented tanks,^” must be i)rovided to obviate carry- 
over of soaps, solid particle dirt, and metallic salts of copper, iron, or 
zinc into the nickel solution. 

Cnnveyors or other mechanisms over the plating tanks must be 
])i’ovided with dri]) pans or shields to jnevent bath contamination by 
oil and grease. The plating line should be located in a plant area 
which is blocked off from contamination by air-boiiie dusts. Metal 
dusts are particularly objectionable. For this reason there should 
be no direct openings to the grinding, polishing, or buffing departments, 
or else the plating department should be completely enclosed and 
under higher air pressure than the other departments. 

Where production is fairly well standardized and tank loads arc 
fairly constant, a balance between anode and cathode area can usu- 
ally be reached for the particular bath composition, etc. The metal 
content of the bath will remain fairly constant, and additions of nickel 
salts will be required only periodically when batch filtrations are 
made. Analysis for all bath components is necessary at proper fre- 
quency if maximum operating efficiency is to be maintained. Con- 
centrations of brighteners and other addition agents often require 
accurate control. 
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Effect of Contaminants 

In the modern nickel plating bath, minute quantities of metallic 
contaminants such as iron, zinc, copper, or lead exert a profound 
effect on the appearance, corrosion resistance, and buff ability of the 
deposit. There is evidence that impurities in combination may exeid. 
effects that arc different from what might be expected from the effects 
of the individual impurities. Madsen noted that increasing amounts 
of codeposited iron increased the brittleness of the nickel plate from a 
liigh pH bath. Pinner has noted that even a small quantity of iron 
l)rofoundly affects the buff ability and corrosion resistance of semi- 
brigfit nickel deposits. Low pH baths tolerate larger quantities of 
ferrous ion. 

Copper in excessive amount causes dark-colored, hard-to-buIT de- 
l)osits. It is also detrimental to bright nickel dei^osits, especially in 
low current density areas. Phillips observed that copper may be 
the cause of nickel pitting in a low pH Watts bath; Ewing and Gor- 
don found that it seriously affected the corrosion resistance of 
nickel deposits. Generally, zinc in sufficient quantity has much the 
same effect as copper in a nickel bath. Haring noted that botli 
copper and zinc exert a deleterious effect on throwing power, particu- 
larly at low current densities; Anderson reported that excess zinc 
(lauses cracking and poor resistance to corrosion. Lead causes peeled, 
fine-grained, and brittle deposits. 

For further details about the effects of these and other impurities, 
see the literature review by Ewing and Gordon.”^ The amount of 
metallic impurities which can be tolerated in a nickel plating bath 
depends on several factors. One set concerns the concentrations of 
main bath constituents. Bright and semi-bright nickel baths are 
often more susceptible than plain Watts-type solutions, and they dif- 
fer greatly in respect to individual impurities. Since metallic con- 
taminants tend to plate out in the low current density areas, the 
amount which can be tolerated will depend in part on the shape of 
the cathodes. Since they affect corrosion resistance and ductility of 
the deposit, the service which will be required is another factor. 

Removal of Metallic Contaminants 

Most metallic contaminants can be removed fairly successfully by 
precipitating as an insoluble salt and then filtering. In plants process- 
ing steel, iron is usually the principal contaminant. It may be re- 



Ill 


Fig. 5. Schematic top view of separate tank for electrolytic purification, accord- 
ing to Case.**^’ Inlet ^xnd outlet are on different levels, bottom of tank or solu- 
tion level. Note corrugation (actually about P/i in deep, 2 in. apart) to give suffi- 
cient variation in current density for simultaneous removal of differimt impurities. 
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moved by adding, with agitation, nickel carbonate or nickel hydrox- 
ide in water suspension until the pH reaches a value of 5.5. If the 
character of the bath permits oxidation to the ferric state, precipitation 
will occur at a pH as low as 4.0. Aluminum hydroxide is also precipi- 
tated at a pH of 4.0. At a pH of 5.5, zinc hydroxide precipitates. 
Care should be exercised when raising the pll of a nickel bath with hy- 
drated lime not to exceed a pH of 0.5, since nickel hydroxide may be 
precipitated and lost in the filter cake. Also, any carbon dioxide 
evolved from use of nickel carbonate must be removed by heating, or 
brittleness of the plate will result.^'* 

In plants processing copper, brass, or zinc-base die castings, the 
principal contaminants are likely to be copper and zinc; if not present 
in too great quantities, these impurities usually plate out of the bath 
by deposition in the low current density areas of the work. Copper, 
if present in considerable quantities, however, may be removed by 
electrolytic displacement on iron or nickel powder, following which 
the bath must be treated to i‘aise the pH to the point where ii*on will 
be precipitated and filtered. Goiupletc removal of metallic contami- 
nants is quite unlikely to take place when jirecipitation methofls are 
employed Although fairly effective, they are expensive, because the 
bath must be completely out of operation foi* an appreciable period 
of time. 

Modern practice calls for removal of metallic contaminants by low 
current density purification as recommended by Weisberg.^’^ Such 
treatment is preferalily continuous. Case and others have laid out 
complete and detailed procedures. By the proper choice of current 
density and cathode shape, iron, zinc, copjier, and lead may all be 
removed during the same period of electrolysis. Pinner has ob- 
served that low current-density imrification of baths containing or- 
ganic addition agents, even in the absence of metallic contaminants, 
is sometimes effective in improving salt spray corrosion results. Fig- 
ures 4 and 5 show two arrangements for electrolytic purification 
recommended by Case.^"' 


Removal of Oruanic Contaminants 

Organic contaminants cannot be removed by conventional filtering 
procedures. They may result from air-borne dusts, inferior clean- 
ing methods, breakdown of organic addition agents during the normal 
course of operation, or improperly chosen tank linings or rack coat- 
ings. They are effectively dispersed by wetting agents and cause 
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Fig. 6. Schematic drawing of modern filtration and purification system, according to Cole: (1) tank for continuous elec- 

trolytic purification, (2) pumps for same, (3) heat exchangers. (4) pumps, f5) tank for making salt additions to solution 

or sluny for filters. f6) filter. ^7) filter clean-out tank 
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various difficulties. Oil and grease, for example, cause the so-called 
grease pitting. 

This type of contaminant is best controlled by adsorption on acti- 
vated carbon. In this treatment the solution is pumped to an auxiliary 
tank where it is mixed with 1 to 2 lb/100 gal of activated carbon, 
raised to a temperature of approximately 65 and allowed to digest 
while being stirred for a period of several hours. Before the tempera- 
ture is raised, it is often advantageous to add an oxidizing agent such 
as hydrogen peroxide in sufficient quantity to convert any non-oxidized 
organic matter i)rcscnt. Filtration (with filter aid) results in a clean 
sohition which is reasonably free of most organic contaminants. If 
the pll of the bath is raised during the i)erioc] of caj'bon ti’eatmeut, 
some of the metallic contaminants are also elTectively removed. 

During the normal course of operation, solid i)arti(;le dirt is con- 
stantly introduced. This dirt owes its origin to anode sludge, air- 
borne dust particles, welding scale on work ])ieces, or one of many 
other soiu’ccs. It must be constantly and efficiently removed; other- 
wise rough or pitt(;d dcjiosits will occur. 

Plating solution filii'rs are of many types, most of which are effec- 
tive. It is general practice to lay a filter cake of activated clay, finely 
divided asbestos, or diatomaceous earth over the filtering surface, 
whether it be a cloth, filter iiapcr, or ceramic material, before filtra- 
tion is begun. These coatings support the dirt and help in maintaining 
the porosity of the filter surface which would otherwise quickly be- 
come clogged. The rate of filtration is usually dictated by the amount 
and kind of work processed through the tank. For steady, heavy 
duty operation it has been found advisable to use a rate of filtration 
such that the entire solution passes through the filter within a period 
of 1 to 2 hr. 

Figure 6 shows a modern filtration and jmrification system de- 
scribed by Cole.®*’ 

Determination of Main 15ath Constituents 

CONTROL OF pH 

pH is measured by colorimeter tubes or pH papers, or by quinhy- 
drone or glass electrodes. The true electrometric pH is about 0.5 pH 
less than the apparent value obtained colorimetrically. Throughout 
this discussion all pH values cited are electrometric unless specifically 
stated otherwise. 

Knowledge of the allowable range of pH for the particular bath, 
and of its rate of change, should govern the frequency with which pH 
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determinations and corrections are made. For the Watts or bright 
nickel plating baths, the pH will ordinarily be found to increase dur- 
ing use; it is lowered by the addition of sulfuric or hydrochloric acid 
or both. The choice depends on which anion is needed. So-called 
plastic nickel hydrate (which has not been allowed to dry after pre- 
cipitation) is preferred for raising the pH because the carbon dioxide 
produced with nickel carbonate is likely to cause embrittlement of the 
deposit. The addition of any of these materials must be followed 
by filtration to prevent roughness. 

DETERMINATIOM OF SURFACE TENSION 

The determination of surface tension and the maintenance of the 
correct concentration of wetting agiuits are based on measurements 
with a tensiometer or with a stalagmometcr, which is less sensitive to 
the effect of impurities. These pieces of equii)rnenl and their use are 
fully described in the journal literal u re and in textbooks, to which 
the interested reader should refer. 

ANALYTICAL METHODS 

The following approximate methods of analysis are entirely satis- 
factory for commercial plating plant operation. The value *of an 
analysis is proportional to the care with which the sampling of the 
solution is carried out. Tn obtaining samples for analysis, usual pre- 
cautions should be taken, including bringing the bath to normal operat- 
ing level so that the samples will be as truly representative of the 
whole bath as possible. Since stirring of the nickel bath is usually 
not advisable, a convenient method is to take sam])les with a glass or 
rubber tube having a length equal to the deiith of the tank. By lower- 
ing the tube gradually until its lower end touches the bottom and then 
closing its top, a solution sample representative of solution at all 
depths in the tank is obtained. Several such samples should be taken 
at different locations and mixed to give the final sample. 

Determination of Total Nickel, A 5-ml sample of the nickel solution 
is pipetted into a 250-ml Erlcnmcyer flask and diluted with about 
50 ml of water. Then are added, in order: a few drops of 10% potas- 
sium iodide solution, concentrated ammonium hydroxide until the 
color of the solution just turns a clear blue, and a few drops of 0.1 N 
silver nitrate solution. The resulting solution is titrated with 0.5 N 
sodium cyanide solution to a clear amber endpoint. Since the cyanide 
solution is very unstable, it must be frequently standardized against 
a known nickel solution. 
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To compute the nickel content, the milliliters of 0.5 N silver nitrate 
solution are subtracted from the total milliliters of 0.5 N sodium cya- 
nide solution used. This value is used in the following formula; 


Normality of total nickel 


(ml NaCN solution) X 0.5 
5 


A 1.0 N solution contains 29.34 g/1 of metallic nickel, equivalent to 
334 g/1 NiS04-6H,0, 140 g/1 NiS04-7H20, or 118 g/1 NiCl.-GHsO. 

Determination of Chloride. A 5-ml sample of the nickel solution is 
])ipetted into a 250-ml Erlenmeyer flask and diluted with about 50 
ml of water. A few droi)s of 5% potassium chromate solution are 
added. Tlie solution is titrated with 0.1 N silvei* nitrate solution until 
the precipitate foi’ined is tinged with a red color. The milliliters of 
silver nitrate solution used are noted and employed as in tlie follow- 
ing formula: 


Normality of chloride = 


(ml AgNOa solution) X 0.1 


A 1.0 A solution of chloride contains 35.4 g/1 of chloride ion, equiva- 
lent to 118 g/1 of nickel chloride, NiCU-GHiiO, or about 80.5 ml/1 
(10.2 fl oz/gal) of hydrochloric acid (sp. gr. 1.19). 

Determination of Boric Acid. A 2-ml sample of the nickel plating 
solution is pij)etted into a 250 -iti 1 Erlenmeyer flask. No water is 
added. Then are added, in order: a few drops of indicator solution 
composed of 0.2% brom-thymol blue and 1% brom-cresol ])urple in 
93% ethyl alcohol; from a burette enough 0.5 A sodium hydroxide 
solution until the color just changes from green to blue; and sufficient 
powdered mannite to make a thick paste, which makes the color turn 
green again. The mixture is then titrated with 0.5 A sodium hydroxide 
solution to a blue endpoint. The volume of sodium hydroxide solution 
used after the mannite addition is read from the burette. The 0.5 A 
NaOH solution should be standardized against a nickel solution con- 
taining a known amount of boric acid, normal for the type of bath 
being analyzed. The factor thus obtained is used in the analysis. 

Determination of Sodium Sulfate in a High Sulfate Bath. A 10-ml 
sample of plating bath is diluted to 100 ml in a volumetric flask and a 
5-ml aliquot is transferred to an Erlenmeyer flask. To this sample 
are added 7 ml of concentrated hydrochloric acid (sp. gr. 1.18) and 150 
ml of water. The solution is brought to a boil, and 25 ml of 5% 
barium chloride solution are added with stirring. After standing for 1 
hr, the solution is filtered through a weighed Gooch crucible and the 
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barium sulfate precipitate washed several times, first with 1 hydro- 
chloric acid (by volume, concentrated acid, sp. gr, 1 .18) , then with 
distilled water. The crucible is heated to a red heat for 15 min, cooled 
in a desiccator, and reweighed. 

The sodium sulfate content is calculated as follows; 

Normality ot Na^O. = H.H X ff ™ l>™ 

of total nickel content — normality of chloride Content ) , OZ/gal I\a 2^04 

~~ 9.5 X norinajlity of NLL 2 SO 4 ; g /1 NaoSO^ = 71 X normality of 
Na2S04. 

Determination of Hydrogen Peroxide. One hundred milliliters of 
the nickel plating solution is pipetted into a 300-inl Erlenmeyer flask, 
and a rapid stream of carbon dioxide is bubbled through it for 4 min. 
After 2 min, 5 ml of each of a standard starch solution and :i lO^^^ 
potassium iodide solution are added. At the end of 4 min, the carbon 
dioxide is stopped and the solution is titrated rapidly with 0.01 N 
sodium thiosulfate solution (standardized daily against potassium 
acid iodate) until the blue color disappears. One milliliter of 0.01 N 
sodium thiosulfate solution — 0.0017 g/1 hydrogen peroxide “ 21.5 ml 
30% hydrogen peroxid(‘/1000 gal. 

Estimation of MefalUc Impurities. Of the many methods used in 
the analysis of metallic impurities, ihe simplest are usually the colori- 
metric. Suitable^ melhods for lead, iron, manganese, copper, silica, 
sodium, potassium, cadmium, aluminum, ammonium, chromium, zinc, 
and calcium have b(‘en developed or standardized by Serfass and co- 
workers for Research Project No. 2 of the American Electroplaters^ 
Society. The user is referred to their publi cations.'’*^ 

Brighteners and Other Addition Agents. Methods of analysis of 
[U'opj'ictary brighteiuTs and addition agents are furnished by the 
vendors of i)ropi‘ictary yirocesses. 

ANODES 

Since about 1915 imiirovements in nickel anodes-have kept pace 
with changes in solution composition and operation. This progress has 
been necessary, because solution and process changes have demanded 
improvement in that important phase of nickel plating. Whereas the 
impure 90 to 94% or the 95 to 97% nickel anode was satisfactory in 
the cold, low speed nickel bath of thirty-five years ago, it would fall 
to pieces in the modern Watts or bright nickel bath. The modern 99% 
pure nickel anode would have remained passive in the old low chloride 
cold bath of 1915. Furthermore, the impurities, such as iron in large 
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amounts, in the low purity anode are now known to be harmful to the 
Operation of the modern baths. 

With the introduction and widespread use of the Watts bath, the 
90% nickel anode gave way to the 99% chill-cast nickel anode. Next 
(*ame the 99% rolled, depolarized anode containing nickel oxide in 
small amounts. This anode corrodes smoothly, forming a light brown 
film which washes off as it is formed. Since small amounts of loose 
nickel are foi'iiied on corrosion in the Watts bath, anode bags are 
generally found necessary to prevent formation of nodular deposits 
as a rcrult of the physical inclusion of these particles. This 99% 
rolled anode is widely used in high pli baths. 

After the rolled depolarized anode, for certain applications came the 
(^ast carbon -nickel and, still later, the rolled carbon-nickel anodes. 
Both of these anodes contain in excess of 99%; nickel and have the 
feature of forming their own “bag” on corrosion. This “bag” consists 
of a rather tenaciously adhering but porous carbon-silica film that 
holds back loose anode particles provided that they do not form in 
excessive amounts. These high purity, carbon-type anodes are used 
only when the pH of the bath is 4.0 or lower and are also supplied 
with cotton bags wherever possible. 

Anodes cut from electrolytic nickel sheet have been used to a limited 
extent. Several patents have even been issued for introduction 
of corrosion-promoting sulfur into the electrolytic nickel by adding 
suitable organic or inorganic sulfur compounds to the refining elec- 
trolyte. A recent suggestion is 0.005 to 0.03% sulfur be codeposited 
with the nickel from a bath into which sulfur dioxide is being intro- 
duced. The nickel is annealed at 816 to 982°C for 20 to 30 min to 
make an anode with good activity up to pH 5.5. The further intro- 
duction of 0.01 to 0.10%; copper with and without 0.02% carbon, from 
coi)pcr sulfate and acetylene in the electrolyte, is said to permit the 
inclusion of as high as 0.12% sulfur and the satisfactory use of the 
unannealed anode at pH 1.5 to 5.5. 

The corrosion behavior of an anode depends on the pH and the 
chloride content of the bath. The uniformity of corrosion (sometimes 
called anode activity) should not be confused with anode efBciency. 
Only a small chloride content, 2 to 3 oz/gal nickel chloride, is necessary 
to make the latter 100% for all types of nickel anodes under ordinary 
plating conditions, but the uniformity of corrosion and the amount of 
loose nickel formed may be markedly affected by an excess of chloride. 
Pinner found that smooth corrosion of pure electrolytic-nickel 
anodes is obtained only if a high chloride ion concentration is present, 
the amount needed being less the lower the pH of the electrolyte. Witii 



332 


MODERN ELKCTROPJ.ATING 


cast anodes the smootlmess of corrosion improves with increase in 
chloride content only in the low range. Pinner and Borchert^®-^ ob- 
served excessive amounts of loose nickel due to grain boundary attack 
when the nickel chloride content was raised above 8 oz/gal. This 
limit does not apply to rolled carbon-type anodes which appear to 
suffer no ill effects from high chlorides. The same authors show 
that slag inclusions and pipes or blowholes result in excessive formation 
of loose nickel and even crumbling of the anodes. 

No fixed rule can be made for what constitutes an excessive amount 
of loose nickel particles from the anode without defining also the bath 
being used, the methods of operation emi)loycd, and the results ex- 
pected. Pinner and Borchert set a limit on permissible loose nickel 
at 0.04%, above which the carbon-silica film was shown to be incap- 
able of holding the nickel particles at the anode without the use of 
cloth anode bags. 

The exact relationship between chloride ion concentration and anode 
eflSciencj^ and current density has not been determined. The indica- 
tions are that the electrolyte should be at least 1 N in chloride (equiva- 
lent to 15.8 oz/gal NiCfi^’ 61120) for uijerations at anode current den- 
sities of 100 to 200 amjV^^^q ft and 2 N at 1000 amp/sq ft if 100% anode 
efficiency is to be maintained. Of course, the temperature, pH, ilegree 
of agitation, and perhaps other factors also influence anode efficiency. 

PREPARATION OF BASIS METALS 
Polishing and Buffing 

A decorative nickel finish has lasting beauty and utility proportional 
to the protection it affords the basis metal upon which it is plated. 
Numerous attempts have been, and are being, made to produce a 
substantially non-porous nickel deposit, but this goal has not been 
fully achieved. At the present time a considerable amount of experi- 
mental work is being directed toward finding the effect of metallic 
impurities in the plating solutions on the corrosion-resistant proper- 
ties of the nickel plate. These considerations are covered elsewhere 
in this chapter. Such work has great importance, yet equal emphasis 
must be given to the effects of the basis metal and its surface char- 
acteristics, composition, and structure on the protective value of 
nickel plate. 

Proper preparation of articles to be plated with nickel starts with 
the manufacture of the basis metal. Many investigators show that 
rolling seams, slag inclusions, blowholes, sand inclusions, and the like 
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Fig. 7. Polish-scratch appearance of steel produced with No. 180 grit belt. Top, 
without lubrication; bottom, with lubrication. X500, 
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have a pronounced effect on the corrosion-resistant properties of nickel 
plate.^®* Also, the manner in which the metal is processed, either 
before or after being formed into articles of manufacture, has been 
proved to affect the porosity of the nickel deposit. For example, 
Thomas and Blum and Macnaughtan and Hothersall have 
shown that rough surfaces have lower hydrogen overvoltages than 



Fig. 8. Effect of basis metal polishing on roughness of subsequent nickel plate. 
At left, No. 90 griL dry; in middle, Nos. 90 and 150 grits dry; at right, No. 90 
grit dry, Nos. 150 and 220 grits greased. 


smooth surfaces and, therefore, are more susceptible to pitting. Cym- 
boliste demonstrated how porosity may develop from scratches 
and fissures. Hothersall and Hammond showed that rough machin- 
ing, filing, and sand blasting increase the porosity. Phillips found 
that a good quality auto-body sheet steel received a more impervious 
nickel coating if it was not polished. Pinner’*^” showed the effects of 
polishing with different-sized grits. In general, his results show that 
rough grinding was detrimental to the protective value of nickel 
plate. He confirmed Phillii)s' results and extended them to indicate 
that smoothing out and rounding off the tops of scratches, as, for 
example, with a well-lubricated, final polishing wheel, was extremely 
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important from the standpoint of promoting the protective value of 
nickel. 

Recent unpublished work may perhaps explain, at least in part, 
these findings. Figure 7 shows, at the top, the polish-scratch appear- 
ance of steel produced by grinding with a No. 180 grit belt without lu- 



PiK- 9. Effect of basis metal i)olishing on roughness of subsequent nickel plate. 
A I, left. No. 90 grit dry; in iiiiddio, Nos. 90 .‘jnd 150 grits dry, No 180 grit greased; 
at right. Nos. 90 and 150 gifts dry, Nos. 180 and 220 grits greased. 


bj’ication. The torn condition of the metal, with apparently many 
filial’]) scratch toj)s and loosely attached steel slivers, can be seen. At 
the bottom^ Fig. 7 shows a surface j)olished in the same manner except 
that luhricalioii was used during the finishing operation. The changed 
character of the metal makes it appear more receptive to a nickel 
deposit having superior j)roperties, and corrosion tests verify that 
interi)rctation. 

In addition to promoting corrosion-resistant nickel plate, a good 
grease wheel or greased belt finish is important for the production of a 
smooth nickel plate. Figures 8 and 9 show the effect of basis metal 
polish on the roughness of subsequently applied nickel plate. Here 
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again one notes the effect of the proper condition of the basis metal 
on the properties of the deposit, independent of the plating depart- 
ment operations. The use of greascless compositions, consisting of 
intimate mixtures of polishing grain and glue,^^® is gaining in favor. 

Because of the high cost, steel is seldom buffed prior to nickel 
plating. Where a buffed surface is required, it has been common 
practice to apply a copper plate and buff it. Brass, zinc alloy die 
castings, and aluminum alloys are usually buffed after any required 
])olishing. Small parts are often both rough- and fine-finished by 
tumbling. Several new methods have been developed recently to pro- 
duce fine finishes at relatively low cost. 


Electhopolisuin(; 

One important finishing method which has recently come to the fore 
is olectroi)olishing or, perhaj)s better, electrobuffing. It is used either 
as an adjunct to polishing, when it also serves to remove scratch tops 
and slivers (see above) , or by itself where the original surface condi- 
tion and finish requirements permit. 

According to Faust low carbon steels such as S.A.E. 1010 and 
1020 can be smoothed and made quite lustrous, but the appearance 
might suffer from non-metallic inclusions, scams, orange peel effects, 
etc. IS.A.E. 1040, 1060, 1085, 4130, 4140, and 5110 Nitralloy, as well 
as nitrided and carburized steels, electropolish to a high luster, the a})- 
jiearance depending upon the quality of the steel. The only commer- 
cially used bath is of tlie sulfuric-phosphoric acid typc.^^“ Cast or 
malleable iron has not yet been electropolished satisfactorily.^'^ 
Zinc, zinc-base die castings, and magnesium alloys are not known to be 
electropolished commercially.^ 

Faust states that efficient baths of undisclosed composition are 
available for economical electropolishing of lead-free brasses. 
Berger reports good commercial results with rather complicated 
baths containing phosphoric, chromic, sulfuric, proprionic, and hydro- 
fluoric acids plus sodium dichromate on relatively small brass stamp- 
ings containing up to Vfo lead. 

Wrought aluminum alloys 2S, 3S, 14S, 24S, 51S, 53S, and 64S are 
electropolished commercially in a sulfuric-phosphoric-chromic acid 
bath,^’^^ according to Faust, who also lists a number of other patents 
for electropolishing aluminum, including one for die-cast aluminum 
alloys containing silicon, which do not polish well in the aforemen- 
tioned bath. 



NICKEL 


337 


^ Considerable general cost data and information about limiting 
factors in electropolishing are available."’® 


(h.EANlNG AND PiCKLING 

The purpose of cleaning prior to plating is to remove all interfering 
substances from the surface to be plated. Adhesion, smoothness, and 
corrosion resistance of nickel plate depend upon a proper cleaning 
cycle. The desired maximum adhesion of nickel is obtained when the 
deposited metal is so close to the subsurface that atomic forces come 
into play. Diffusion of one metal into the other (alloying) is not 
necessary for adhesion and may be detrimental if the alloy layer or 
any part of it is weaker or more brittle than the individual metals. 
Any foreign substance which separates the coating from the subsur- 
face decreases the adhesion. Such substances may be oxides or graphite 
in or on the surface, basic salts precipitated on immersion in the plat- 
ing solution of work with an alkaline film, and oils and greases from 
the rolling mill or from the polishing or buffing operation. When such 
substances are present, the coating may be separated cleanly from the 
subsurface. 

Sometimes part of the subsurface stays attached to the coating, or 
part of the coating stays attached to the subsurface when the coating 
is pulled off. In the former case, the subsurface has ordinarily been 
cold worked prior to plating and the cold-worked layer was or be- 
came embrittled by ' ydrogen absolution during the cleaning or plat- 
ing operation. In the latter case, eithei’ an intermediate coating is 
inherently weak and inclined to rupture oi- an easily embrittled alloy 
layer was formed, diffusion having been made easier because of previ- 
ous cold work having imparted much energy to the surface. The re- 
moval of the worked surface prior to plating solves this problem. 
These effects are discussed by many authors, brass being covered by 
Hothersall and Hammond,"®^ steel by Hothersall and by Zapffc and 
Faust,^'' and zinc die castings by Lewis and by Oplinger.""® 

The cleaning procedure should also eliminate any particles from the 
surface which may cause roughness of the subsequent plate. This is 
important in dull nickel plating, because subsequent buffing or brush- 
ing tears out such particles and, also, the nodules of plate deposited 
over them. Holes are made in the coating, and its corrosion-protective 
value is decreased. In addition the cost of buffing a rough surface is 
much higher than that of buffing a smooth surface. Since the final 
surface must be smooth, the necessity of avoiding roughness in brighi 
nickel plating is obvious. 
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Very fine particles of oxide residues or buffing dirt must also be 
removed even if they do not greatly, interfere with either adhesion or 
smoothness. They may constitute nuclei for locally intensified gas 
evolution, which causes pits that reduce the corrosion protection 
and affect the luster of bright nickel coatings. 

Up to a few years ago most electrocleaning was being done with the 
work as cathode, because that provides the maximum amount of agi- 
tation at the surface, twice as much hydrogen being evolved at a 
cathode as oxygen at an anode. Lately, anodic cleaning has come to 
the fore, primarily because it gives more complete smut removal. For 
die castings in particular, it removes the outermost, easily embrittled 
layer of buffed metal without leaving smut on the surface. Anodic 
cleaning is also preferred on other metals, because any metal which has 
gone into solution is not redeposited to interfere with adhesion. 

With few exceptions, the parts to be plated are given an acid treat- 
ment subsequent to the cleaning operation, the purpose being to re- 
move oxides and tarnish films that would prevent adhesion, and also 
to dissolve the outermost layer of polished metal. Commercial hydro- 
chloric acid, so-call(‘d muriatic acid, in varying concentrations is most 
commonly used. A high concentration, up to 50% by volume, is used 
on steel; a medium concentration of about 10% by volume on copper 
and brass; and a low concentration, ] to 5%, on zinc and zinc die cast- 
ings. Sulfuric acid is also employed, especially to neutralize the alka- 
line film present on copper undercoatings deposited from a cyanide 
bath. Brass and copper parts are sometimes cleaned in sodium cya- 
nide solutions, preferably containing some ciiustic soda to pj’event 
rapid decomposition. 

Adhesion is damaged by a fatty acid film which can form, on the 
surface of cleaned metal, by the reaction of soap from the alkaline 
cleaners with the subsequent acid dip. In order to minimize or elimi- 
nate the formation of siudi films, a double cleaning cycle is used in 
large installations. In it, the parts are usually cathodically cleaned, 
acid dipped, anodically cleaned, and given a sec^ond acid dip, with 
the usual rinses. Such a procedure results in a minimum of soay) 
buildup in the anodic cleaner. Both cleaners may be operated anodi- 
cally, but initial cathodic cleaning is preferred, especiall}^ if the work is 
fairly heavily coated with oil. Then the greater turbulence by liber- 
ated hydrogen is employed to advantage. 

For steel parts the use of an anodic acid etch, long employed by the 
British, is rapidly gaining in favor as a preparation for excellent ad- 
hesion. Such baths are composed of substantially concentrated sul- 
furic acid and may contain addition agents such as glycerin. In oper- 
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Litiun, the previously cleaned parts are made anodic at current densi- 
ties of about 200 amp/sq ft. 

The basis metal is frecjuently copper i)lated prior to nickel plating. 
Such a procedure is practically universally used on zinc and zinc-base 
alloys. Although nickel plating baths had been designed for plating 
directly on this metal, continued difficulty was encountered with ad- 
hesion to the zinc, and with contamination of the plating solution by 
zinc that dissolved before plating started or through pores in the coat- 
ing during plating. Now cupper is deposited of sufficient thickness to 
form an alloy layer with the zinc and provide additional copper which 
remains unalloyed under the nickel. 

As suggested by Schlbtter^^^ and confirmed by Macnaughtan and 
Hothersall,^'"'* copper from a cyanide bath covers imperfections in the 
steel surface better than does nickel plate and thereby reduces porosity, 
llecent A.S.T.M. corrosion tests, however, have indicated that copper 
has little protective value on weather exposure and might be detri- 
mental to corrosion protection. These results to date are considered 
tentative only, because some actual service tests appear contradictory 
to the A.S.T.M. weather-exposure data. 

For plating of aluminum, magnesium, and their alloys, the cleaned 
parts are coated with adherent zinc films by chemical displacement. 
Copp(T is then i)lated and is followed by nickel, as in the case of zinc 
alloys. 

A film of zinc between the aluminum and the outer coating of cop- 
per, nickel or other more noble metal may lead to blistering upon ex- 
])osure to a corrosive environment. This tendency can be avoided by 
anodic treatment of the aluminum in phosidioric acid solution. 

The thin anodized layer has a critical thickness and is paiiially re- 
moved upon entry into a nickel plating bath and at start of the deposi- 
tion. Unfortunately, the anodic phosphoric, acid process is applicable 
to only a few aluminum alloys in addition to 2S and 3S. 

Magnesium and its alloys may be plated with nickel by using a spe- 
cial type of zinc-immersion process recently described by De Long.^^'^ 

FINISHING NICKEL DEPOSITS 

Nickel plate is used in a variety of finishes, including bright, semi- 
bright, matte, and butler finishes. The methods of producing them 
are not considered a proper topic for this discussion. In general, the 
use of buff wheels, scratch-brushes, and the like has been widely known 
for years. It is considered of consequence, however, to mention in some 
detail a procedure which is receiving increasing attention at this time. 
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Reference- is made to the electrochemical finishing of nickel by electro- 
polishing (electrobuffing). This i)rocess involves the anodic treat- 
ment of nickel at fairly high current density in concentrated acid 
baths, which consist of sulfuric acid with or without 124,125 glycerin 
or other additions or, better, mixtures of sulfuric and phosphoric 
acids possibly with aluminum salts or hydrochloric acid^'*® 

or mixtures of phosphoric and chromic acid.^^^^ Information about 
these processes is available in widely published articles by Faust,^^^'^^^ 
Wernick,^^^ and others. The amount of electrolysis required to eff'ect 
full luster is a function of the structure of the plated nickel, fine- 
grained deposits requiring a smaller amount than coarse-grained de- 
posits. For example, the bright and semi-bright deposits may be elec- 
trobuffed with the removal of perhaps 0.0001 to 0.0003 in. (0.0025 to 
0.0075 mm) of metal, whereas a dull deposit from a Watts plating solu- 
tion may require the removal of as much as 0.001 in. (0.025 mm). 

Such processing replaces wheel buffing operations only to the extent 
that brightening of the metal is secured, but the improvement in ap- 
pearance, as far as basis metal scratches are concerned, is not realized 
to the same extent as with mechanical buffing. Electrobuffing removes 
nickel more uniformly from the surface of parts of involved contour 
than nickel is deposited by plating. This constitutes a limitatiem of 
the process because excessive thicknesses must be applied during 
plating in order to leave a sufficient thickness in the low current den- 
sity areas after electrobuffing. As of this writing, therefore, the process 
appears to be most advantageously applied to parts where brightening 
only is desired and where the shape is such that the last-mentioned 
limitation is of minor consequence. 


TESTS OF DEPOSITS AND SPECIFICATIONS 

The protection afforded a basis metal by nickel deposit depends on 
a number of factors, some of which are not wholly understood. Many 
of them have been, or are being, investigated, and, in time, all will be 
brought under control so that effective specification requirements can 
be written for each. 


Porosity 

Porosity is a well recognized factor, and most specifications call for 
a porosity test, usually the salt spray test.^^-^ However, as shown by 
Thon and Addison,^ this and other chemical tests can be used to 
detect only a portion of the “gross’" porosity, caused by non-uniformity 
of the basis metal surface being plated, dirt in the plating solution, or 
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other iiecidcntal factors. Many such pores are likely to cause pcrfora- 
tiolis. Thon and associates have also discovered a structural 

porosity, or gas permeability. This permeability decreases rapidly 
with increase in thickness of the deposit, becoming too low to measure 
at a thickness well below 0.001 in. (0.025 mm). In the experiments 
with thin foils, the permeability increased rai)idly upon exposure to a 
corrosive atmosphere. At this writing it is doubtful that the permea- 
bility has commercial significance. 


CiiKMiCAL Resistance and CvRackino Tendency 

Pores also form when the plated article is in service, both by cor- 
rosion pitting and by cracking due to unfortunate combinations of low 
ductility and high internal stress, especially when high external stress 
is also present. Bath impurities which in some form enter the de- 
posit, and also the brighteners and other addition agents present in 
the electrolyte, can affect adversely both the chemical resistance and 
the cracking tendency of a nickel deposit. At the present time, there 
arc no specific inspection tests for chemical resistance, although rapid 
failure in the salt spray test is believed to be caused by both of these 
faults. 

Heussner and co-workers have suggested slow bending as a rough 
shop test for plated sheet metal. At the point of cracking of the coating, 
the unit elongation, which is used as a measure of ductility, is approxi- 
mately T/2R, where T is the total thickness of base metal and plate 
and R is the radius of curvature of the bend. Phillips and Clifton 
used a modified Ericson cup test for the same purpose. None of these 
tests is suitable for articles with heavy sections, but possibly a modified 
Brinell test might be used for them in a manner similar to that of the 
Ei icson test. 

No inspection test has l)ccn developed lor infernal stress in coatings 
on commercial shapes. 


Nature ok Basis Metau 

It is important to note that the condition of the surface underlying 
the nickel deposit has a bearing on the performance of the coating. In 
outdoor exposure, Anderson and Reinhard found indications that 
buffed brass in a pore is anodic to nickel, whereas unbuffed brass is 
cathodic to nickel and is sacrificially protected by it. Similarly, 
Graham observed that the cleaning cycle employed on buffed copper 
plate prior to nickel plating affected the kind and amount of corrosion 
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product seeping through what was belicA^ed to be crack pores in copper- 
nickel-chromium deposits on ste(‘l. These preliminary findings, of 
course, have not yet liad an infiueinje on specification requirements. 

Thickness 

Outdoor exposure tests amply (kanonstrate tliat one way of rediK'ing 
porosity is to apply coatings of greater thickness. ■ These tests 
have also shown that the i)rotection afforded })y nickel coa, tings de- 
j)ends greatly on the corrosi>’eness of the atmosphere. For a sum- 
mary c)i this work, the reader is referred to the chai)ter by Wesley in 
th e C orrodon H andb o ok . ’ * ^ 


Adhesion 

Adhesion to the basis metal is a,noth(‘r factor m (Jie ])erforma.nc.e 
of decorative nickel c-oatings. Methods of measurement have been 
examined by Ferguson and co-workersd'*’’ Th(‘ most commonly used 
is the grinding wheel test, in whiidi a, rough emc'ry wheel is made to (‘ui. 
in a jerky fashion from the basis metal into tlu' de])osit to loosen the 
hitter if it is non-adherent. Such a test does not lend itself well to 
specification purj)oses. Mesl(‘\s or Jacquel’s ])eeling test as modified 
by Brenner has ai least semi-ciuantitative significance. In this 
test a handle is attached by electrodeposit.ion of heavy nickel to tln^ 
original coating and serves to initiaU' the i)eeling. The required force 
F is measured in kilograms per centimetei- of Avidth of stri]), and a sig- 
nificant constant is calculated, wher(i T is i)lat(‘ thickness in 

ecntimetei-s. Further Avoi'k may ])ossibly make it ai)i)licable to sjieci- 
fjcation testing. 

Appearance 

The saleability of a, jdated product depends to a lai’ge extent on its 
appearance. No specification tests liave a])i)eared iis yet, and the 
work being carried out by CJommittee B-8 of Ameiican' Society for 
Testing Materials on this subject has shown it to be very complicated. 

Specifications 

The importance of thickness and of gross porosity has led to the 
adoption, by the American Society for Testing Materials and the 
American Elcctroidaters’ Society, of specifications (covering these pi-op- 
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ertic\s. Siicli {specifications arc now available for nickel coatings on 
st'eel/^'’' on zinc and zinc alloys/^* and on copper and copper alloys. 
The standard requirements for the different grades of coatings are 
summarized in Table 3. 

A standard testing method for nickel which involves sectioning of the 
deposit and thickness measurement is described in a separate A.S.T.M.- 
A.E.S. specification.^^” 11 i)ernnls the use of the non-destructive mag- 
netic test by Brenner for nickel coatings ai)plied on non-magnetic and 
on magnetic surfaces.' Tlie test has lately been modified to permit 
its use also with a non -magnetic*, coating, such as copper, between tlie 
nickel and a magnetic l)asis metal. 

Industry, esjiecially the automotive industry, has followed the 
A.S.T.M.-A.E.S. siiecifications with oidy minor variations. Novelty 
goods and the like, however, are frecpiently iilated to lower specifica- 
tions (or to none) . 

Nickel deiiosits for industrial ])urposes deiiend for their value largely 
on tensile ]u’ 0 ])erlies and adhesion. Tensile proiierties are usually 
gaged by means of a hardness test on a Vickers or Knoop machine; 
adhesion by the modified Ollard tests, in which a specially prepared 
test piece is subjected to a tensile test. 


HEAVY NKUvEL PLATING 

“Heavy nickel jilating” implies the application of thick nickel de- 
])osits for industrial uses and has a connotation analogous to the term 
“hard chi-omium iilating.” D(‘])osition of nickel for resistance to 
process industiy corrosion, for combined corrosion and wear resistance, 
for salvaging worn or misinachined jiarts, and for direct electroforming 
of finished metal sliajics are all included. The thicknesses of nickel 
involved in such ajiplications range from 0.003 in. (0.075 mm) to the 
extreme realized recently in a structural unit weighing 70 lb which 
was electroformed with a wall thickness of 0.5 in. (12.5 mmj.^''“ 

Bath Types 

(dioice of j)lating bath c.ompositions is dictated primarily by the 
mechanical properties desired in the deposit, and to a lesser degree by 
such considerations as smoothness of deposit, tendency to form nodules 
and trees, stress in the deposit, and ease of control of the process. A 
good discussion of methods, special precautions for, and applications of, 
heavy nickel plating is available/®® 
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SOFT NICKEL 

For applications requiring utmost ductility, the Watts bath is used 
under the conditions outlined on pages 303 to 308. At pH 4 to 4.5, a 
temperature of 54°C, and a current density of 50 arnp/sq ft an elonga- 
tion of 37% in 1 in. (25 mm) can l)e obtained. Annealing for 15 min 
at 760*^0 increases the elongation to 55%, which is more than sufficient 
for severe commercial forming or drawing operations. Care must be 
taken not to overanneal, since this causes large grain growth and marked 
loss in ductility. A word of caution regarding impurities should also 
be inserted here. V(‘ry small amounts of lead codeposifced with nickel 
do not alter the as-plated ductility but have a ])ronoimced embrittling 
effect if the nickel is heated. As little as 0.02% lead may have a 
noticeable effect. Variations in the plating conditions cause variations 
in the mechanical properties of the dej)osit in th(‘ directions set forth 
on pages 309 and 310.-' 

HARD NICKEL 

Bath F of Table 2 is a good electrolyte from which to dei)osit thick 
layers of nickel of controllable hardness m the range of 350 to 500 
Vickers hardness. This bath was found by Wesley and Rochl,^''’^'’®"’ 
to produce nickel with a tensile strength of 152,000 Ib/sq in. (106 
kg/sq mm), a hardness of 425 Vickers, and an elongation of 6% in 2 
in. (50 mm). By varying the pH and the temperature within the 
limits given in Table 2, the desired hardness can be obtained. The 
tensile strength increases and the ductility decreases with an increase 
in pH and a decrease in temperature.^''^ The de])osit has a I'ather 
low annealing temi)e]’ature and will not retain full hardness above 
232"C, If a heavy deposit with an extremely hard surface is re- 
quired, a layer of hard nickel followed by chromium is employed. Dis- 
advantages of the hal'd nickel bath are: a greater tendency to form 
nodules and trees tliaii the cldoride or Watts bath; and a high internal 
strciss in the deposits. 

CHLORIDE DATHS 

Blum and Kasper worked with an all-chloride nickel bath oper- 
ated at the boiling point. Jjatcr, Wesley and Carey made a careful 
study of the chloride-boric acid electrolyte G of Table 2 and the prop- 
erties of its deposits. They showed that this bath offers the advantages 
over the Watts bath of a 50% reduction in tank voltage and power 
consumption, ease of control due to simple composition, wide plating 
range, high anode and cathode efficiencies, lower susceptibility to pit- 
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ting, smoother and tougher deposits, less tendency to form nodular 
growths and trees on thick deposits, and production of coatings which 
are easier to buff. The greater corrosiveness of this electrolyte is no 
longer a serious disadvantage with the corrosion -resist ant equipment 
now available, but its tendency for rapid rise in pH and the high 
internal stress in its deposits are real disadvantages. Nickel from 
bath G (Table 2) has moderate hardness (230 to 260 Vickers), tensile 
strength (about 100,000 Ib/sq in.), and elongation (20% in 2 in.).^“ 

The disadvantages of the chloride bath are reduced by mixing it 
with a sulfate bath to i)roduce Pinner and Kinnaman’s bath li of 
Table 2. This electrolyte retains many of the advantages of the 
chloride solution. Tt is finding use as a higli current density bath for 
decorative bright nickel plating and also for raj^id buildup of extremely 
heavy deiiosits in the salvage of worn ])arts. For high speed bright 
decorative plating, appropriate organic addition agents are added to 
the bath, which otherwise retains its desirable properties. 

Anotlier low resistivity solution used in depositing a rather hard 
nickel of unusually high tensile strength is bath J (Table It is 

said to be ideally suited for stereotype plating at the relatively high 
current density of 40 amp/sq ft. Its chief handicaps are the volatility 
and odor of the acetic acid buffer. Little information has been pub- 
lished on this bath. 


Corrosion and Weak Resistance 

Any of the above-mentioned heavy nickel electrolytes may be used 
in depositing thick nickel coatings on process equipment to resist cor- 
rosion or combined corrosion, wear, and fatigue. Nickel-lined steel 
pipe is available commercially and is in service in corrosive oil wells 
and in the chemical industry. An old application is the coating of 
huge, highly i)()lishcd, cast iron drums used in manufacturing photo- 
graphic film. The degree of polish required in this service is so high 
that it cannot be attained with wrought metals because they ct)ntain 
non-metalli.c inclusions which cause tiny pits upon buffing. The coat- 
ings now used on these drums are deposited from a high chloride, 
Watts-type bath under conditions giving nickel of moderate hardness. 
Nickel-lined food-processing kettles, nickel-coated paper mill rolls, 
and nickel-coated filter presses for viscose rayon solutions are out- 
standing examples of heavy nickel plating on large units. 

In applications where steel tends to fail by corrosion-fatigue, a 
nickel coating has a great beneficial effect; for example, the life of 
sucker rods in corrosive oil wells is lengthened many times by appli- 
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cation of O.OOO-in. nickel coatings’^® from the Watts bath. Nickel 
coatings seem to be particularly eli’ectivc in preventing “fretting cor- 
rosion,” a phenomenon which is not well understood. 

ITard nickel is generally specified for applications involving wear. 
However, the performance of nickel from the other baths is better than 
might be anticipated, because this metal work-hardens rapidly under 
sliding action. Thus the life of hardened-st(‘el, gasoline pump gears 
which fail by seizure and dragging was multiplied more than fivefold 
by application of 0.0002 to 0.0003 in. nickel from the chloride bath G 
(Table 2). For the most severe^ conditions of contact with steel under 
a high i^rcssure, it is preferable to use a du])lex deposit eonsisting of 
nickel with a few thousandths inch of chromium. 

Resizing 

The long-standing British iwactice of building up woj'u or mis- 
machined parts by heavy nickel plating is in use in this coimtiy on a 
modest scale, particularly in connection with the maintenance of trucks, 
buses, and airplanes. There is nothing unusual about the nickel ].)lat- 
ing operation itself, the bath being selected to gi\'e nickel deposits of 
the desired mechanical properties. Preparation of the basis metal to 
guarantee perfect adhesion, setting up the anodes, and stoiiping off or 
shielding the work to secure good metal distribution can be exacting. 
They are described in a bulletin issued by the Bjilish Armament Re- 
search Department,^*’" 

There are numerous advantages in using nickel for salvage'; it can be 
deposited rapidly, uniformly, and economically; the metal can be 
ground and, in addition, it can be machined by conventional methods; 
it is corrosion resistant and tough, and it withstands shocks. Where 
heavy deposits Avith an cxti-emely hard surface are r('(|uired, it is good 
liracticc to make u\) the major ])ortion of the desired thickness with 
nickel and then finish with several thousandths of an inch of chromium. 

Electroeorming 

A recent publication’ reveals an impressiv(i accumulation of litein- 
turc on electroforming Avhich recounts the commercial production of a 
long list of articles ranging in size from hypodermic needles to burial 
caskets. Electroforming has inherent advantages over other processes 
of fabrication for parts which (a) require a very high surface finish, 
especially on internal surface contours, (b) require high precision in 
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(H^Ttain (linionsioiis, (c) incori)orate intricate details, and (d) arc 
needed in quantities too small for die-casting runs.'^‘' 

Chopper is the most favored metal in quantity of product, but nickel 
is prominent wherever its greater strength, toughness, hardness, or 
corrosion resistance is needed. The juincipal factor which retards the 
application of nickel in fabrication by electroforming is the residual 
stress in nickel deposits, which may clause warpage of the i)roduct. 
Flic subject ol stress in nickel deposits and i/he outlook for reducing it- 
arc dis(‘ussed on i)ages 34(S and 349. A comnion current practici* is to 
ai)ply a layer of nickel to the surfa.ee of the mold m starting electro- 
lorming, then to build u]) to the desired thickness with copi)er. The 
nickel layer thus is in a iiosition to supply wear and corrosion resistance 
plus some stiffening of the object., yet is not |)ermittc'd to beconu* so 
thick as to cause t/oo much distortion by internal stress. 

Electrotypes are the oldest kind of eloctroformed article. Tlu' jilate 
itself is (‘ommonly started on a lead, wax, or jdastic mold by applying 
a, layer of nickel 0.0005 to 0.002 in. thick from bath A of Table 2. II 
is then built up with cojijier and stri[)pod so that the nick(‘l layer forms 
the working surfac'c. This procedure gives electrotyiies which iiroduct^ 
a larger number of ]U‘inied imiiressions than jilates of coiiper which 
have been stripped from the wax and then nickel-fac^ed. A moderately 
liard, tough nickel from tlie Watts bath or bath ,] (Table 2) is also 
commonly (kqiositA'd on stereotyiies to a thickiK'.ss of 0.0005 to 0.001 in. 
to imiirove their performance If the AVatts bath is us(‘d, it is made 
more dilute and operated at a high yiTl of 5.8 to 0.0 (colorimetric) to 
secure harder dejiositsJ*’- Ledford has disclosed t-hat the follow- 
ing bath is being used commercially to pj’oduce, on elcctrotyi)es, nickel 
deposits of high hardness combined with good ductility and high per- 
missible current density without distortion of the forms: nickel sulfate 
32 oz/gal, nickel chloride 3 oz/gal, boric acid 4 oz/gal, ammonium sul- 
fate 0.2 oz/gal, nickel formate 2 oz/gal, and cobalt sulfate 0.35 oz/gal; 
Ledford also rej)orts that, it is being o])erated at pl\ 4.7, 49°(), and 50 
amp/sq ft with anodes containing 1% cobalt. 

Another ’old application of electroforming, and one whick illustrates 
[)erhaps better than any other its ability to reiu'oduce faithfully the 
details of the mold surface, is the making of phonograph record 
matrices and stamjiers. The process is described in detail in Chapt(‘r 
8. Here, again, a nickel surface layer is incorporated for improved 
wear resistance, retention of surface markings, and resisttance to 
corrosion, while the body of the part is formed of copper to avoid 
warpage due to stress. The nickel layer is generally only 0.0003 
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to 0.0005 in. thick, and there seems to be little uniformity in the plat- 
ing conditions employed. Cathode rotation is generally provided, and 
the plating temperature is kept low. Some plants still employ an old, 
low pH, double salt bath containing magnesium sulfate from which 
nickel is plated at the low current density of 5 amp/sej ft. In at least 
one modern plant, nickel is deposited rapidly from a modified bright 
nickel bath at 30 amp/sq ft to get a very hard deposit. After removal 
from the mold, chromium is commonly applied to the nickel face of 
the stampers to a thickness of 0.00005 to 0.0001 in. This amount of 
chromium can be applied to the sound track without significant loss 
of fidelity. 

Important military applications of nickel electi'oforrning include 
pitot tubes for air sjieed indicators, jirecision tubing of rectangular 
cross section, and fittings for radar, wave guides, computing cams, 
large searchlight reflectors, constant mesh screens, and venturi tubes 
used in the jet i)ropulsioii program. A fully automatic machine 
for electroforming fountain pen caps of nickel has recently been de- 
veloped.^ The lu’oblems involved in electroforming plastic dies and 
casting dies are being studied intensively owing to the high cost of 
bobbing such dies out of solid metal.^*^* Molds for machine molding 
of elastic toys and dolls are being made of nickel by electroforming by 
a process similar to that devised for making molds for artificial 
hands.^®'^ 


Machining 

Soft and hard nickels can be readily machined if suggested speeds, 
feeds, and tool rakes are adopted. The subject is discussed in recent 
publications.^**^'' 

Heat Treatment 

The general practice in England (and it is recommended where 
feasible) is to subject heavy nickel deposits to a low temperature treat- 
ment to improve adhesion, expel hydrogen, and, in some cases, reduce 
stress. The time and temperature have not been standardized, but they 
vary from to 3 hr at 150-290°C. Deposits from the hard bath can- 
not be heated above about 204°C without some loss in hardness.^"’** 

STRESS IN NICKEL DEPOSITS 

A mysterious, yet important, characteristic of nickel deposits is that 
all are formed in a condition of internal contractile (tensile) stress ex- 
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cept when one of certain specific oj'ganic addition agents is j)resent. 
The study of this phenomenon received a great impetus in 1940 from 
tlie outbreak of spontaneous cracking of bright nickel de])osits in the 
automotive industry at a time when a maximum production rate was 
imperative. As a result several good pa])ers ai)peared 
which teach how to measure such internal stresses quantitatively on 
speciall)^ prepared test i)icces. All are based upon the measurement 
of amount of bending of a strip nickel plated on one side only. 

Tit KORY 

On the theoretical aspects, agreement has by no means been reached. 
The evidence in favor of a hydrogen theory was marshaled by Wyllie.'"" 
This ascribes the development of a tensile stress in nickel to deposition 
of an expanded form of nickel -hydrogen or hydride laltice at the 
moment of deposition followed by diffusion of the hydrogen out of the 
deposit and contraction to the normal nickel lattice. This idea was 
supported by the fact that the presence of some dej)olarizers and a-c 
superimposed on d-c plating current both reduce contractile stress, 
presumably by oxidation or evolution of hydrogen, before it- can exert 
any considerable effect on the growing metal lattice. The hydride 
theory does not explain some of the exjicrimciital results, such as the 
marked increase in tensile stress produced by small amounts of cer- 
tain impurities in nickel baths (iron, manganese, zinc, carbon dioxide, 
organic colloids) o; the effect of certain organic addition agents in 
decreasing or reversing tensile stress.^'® This theory, that nickel hy- 
dride is formed, is now in disrepute for metallurgical reasons. 

Martin favored the idea of codeposition of nickel hydrate as a 
cause of stress without suggesting a mechanism by which such colloidal 
matter can induce a delayed contraction of the nickel lattice, but 
Hothersall thought it likely that such occluded substances may be 
a cause of stress by such a mechanism as reduction of basic compounds 
by atomic hydrogen, corrosion, hydration or dehydration of colloids. 
He also suggested that both rapid and slow processes may be in- 
volved, those involving hydrogen being in the former class whereas 
hydration or dehydration would be in the latter class. 

Soderberg and Graham proposed a still different cause of tensile 
stress, namely that it is simply a manifestation of the greater internal 
energy content of the newly deposited metal equivalent to the over- 
voltage involved in deposition. An expanded lattice would have a 
higher energy content and would then tend to contract, 
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Effect of Bath Variables 

Regardless of the theoretical mechanism by which stresses are set 
up, the practical plater will want to know how the major plating vari- 
ables influence internal stress in nickel deposits. There is disagreement 
in the data of the papers on stress quoted jxbove j e- 
garding the effee,ts of some variables, but the i)reponderance of evi- 
dence supports the following conclusions with regard to stresses in 
nickel dei)osition. 

1. Positive (tensile) stress increases with increase in ehloiide con- 
tent of the bath. 

2. The effect of B'nqxuaturc upon stress is not consistent; it varies 
with the composition of I.Ik* batli (principally th(‘ chloride content) 
and the currt'iit density. 

3. The effect of pH vari(‘s witli comiiosition of the electrolyli^; Jiow- 
ever, for a Watts bath it is definitely advisalile to ke(‘]) the pH wi‘ll lie- 
low 5, not only liecausc' deposits with lower stress aie obtained, but 
also because the harmful effects of some impurities on stress may be 
much more pronounced at pH 5 or abo^’e. 

4. The effect of current density is not marked ovt‘r tlie lange^lO to 
50 amp/sq ft but is usually in the direction of a,n increasing (ensile 
stress with increasing currcait d(Tisity. 

5. Su]ierim])osing aKc'rnatmg current upon tlie direct iilating current 
tends to reduce stress, otluT conditions remaining the same. 

(). Agitation has little effect ujion stress. 

7. Evidence regarding effects of impui-ities and addition agiaits are 
conflicting, apparently because these effects change witli variation in 
solution composition and pH. Hydrogen ])croxide, carbon dioxide, 
certain organic brigiiteners of the second class, wetting agents, and 
iron, zinc, lead, and sodium salts can all acd as stress raisers under 
some conditions. Ammonium sulfate reduces stress in high pH baths, 
but the reverse or no effect may occur at low(‘r pU values. 

8. Several tyjies of a,ddition agent, such as fluorides and fluobo- 
rates, tend to reduce tensile stress, and some, such as the 'brighteners 
of the first class, can cause the stress to pass through zero and even 
reverse in direction so as to make the nic’kel expand or be under com- 
pression if restrained from expanding. Unfortunately, these organic 
compounds or their decomposition products tend to affect the ductility 
of the deposit adversely. By exercising careful control and frequent 
purification their use in jirojirietary bright nickel baths is suci'.essful 
in practiced*^^^ A less important adverse effect should be mentioned. 



NICKEL 


351 


It- is oncounterecl when nickel deposits, coniahiing minute amounts of 

sulfur from the =^C— 80— type of brigliteners, are subjected to heating 
above 540'^C^ namely, a loss of ductility, called sulfur embrittlement. 

Sthess verses Ductility 

It is imi)oriaiit to differentiate between the deleterious effects of high 
stress and lack of ductility. There is ikj predictable relationship among 
hardness, brittleness, and stress. Relatively soft deposits from the 
Walts bath may be highly stressed in tension and show good ductility, 
whereas nickel d(‘iiosited in tlu* jiresence of 0.(37 oz/gal sodium naph- 
thalene trisulfonale can show zero stress with a Vickers hardness of 540 
and a low ductility.^ A good case can b(‘ made for specifying a modi- 
cum of ductility, instead of a definite. minimui\i stress value, as a cri- 
terion for avoiding daiigei' of spontaneous cracking. A dejiosit. i)osse8S- 
ing some ductility must sulfer appivciable deformation before it will 
crack. If this deformation occurs spontaneously, that is, without ex- 
ternally applied stress, it will be in such a direction a,s to relieve the 
internal stress and to I’educe the tendency to crack. 
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The fjroiip of phitmiiin metiils comprises the following six: 


Metal 

Atomic 

Weight 

S])ecific 

(Iravity 

Platiiuiin 

195.2 

21.4 

Iridium 

193.1 

22.4 

Osmium 

190.9 

22.5 

Palladium 

106.7 

12.10 

Rhodium 

102.9 

12.4 

Ruthenium 

101.7 

12.1 


Of these six iiu'tals only platiiiiim, palladium, and rhodium have fwuiid 
l)rMctical applications in the field of clectroi)lating. Before 1915 and 
particularly during World War I, the price of platinum was compara- 
tively high; therefore the use of this metal was limited to a few appli- 
cations as a purely ornamental finish. This also explains why the 
literature on the deposition of the platinum metals has always been 
rather meag(‘r. Most of the information and formulas given in text- 
books refer to platinum, and there are only indications that similar 
solutions could be used for palladium and rhodium. 

When during the early years of this century white gold began to 
come into vogue, the jewelers very soon found themselves confronted 
with the serious problem that all the white gold alloys, particularly 
those which contained nickel as the whitening metal, discolored after 
a relatively short time. To overcome this serious drawback, the 
jewelry manufacturers resorted to flash-plating white gold articles 
with metals which promised to give some protection. Strange as it 
may seem, even chromium and tin dcpo.sits were used for this purpose 
on expensive white gold jewelry. Both metals, however, were objec- 
tionable, the former on account of the blue color and the lack of 
throwing power, and the latter because it stained light-colored dresses. 
The only logical solution of this problem was the use of platinum as a 


*Forstner Chain Coip., Irvington, N. J. 
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tarnish-preventing coating, and perhaps only the high cost of the 
metal at this time and the lack of reliable formulas for platinum 
plating solutions account for the delay in its general application. 

After the discovery of a rich source of supply of platinum metals 
in certain Canadian nickel ores, the prices were lowered sufficiently 
to invite renewed interest of manufacturers and finishers. 

Most applications of electrode})osited platinum metals today are for 
ornamental or decorative imrposes rather than for protective purposes. 
Very little work, and that mostly experimental, has been done on elec- 
troforming with the platinum metals. In this field palladium seems 
to be the most promising of the six metals, owing to its low specific 
gravity and its low price. The main difficulty is the high affinity of 
palladium for hydrogen, a certain amount of which is always code- 
liosited with the metal, causing warping or deformation of the electro- 
formed ]nece. 

An increased demand for white and tarnish-resistant finishes since 
about 1940, together with a concurrent decrease in the cost of plati- 
num metals, has stimulated the research work in this line, as is evi- 
denced by the gi’eat number of patents ^ issued since 1927. 

Rhodium, in i)articular, has found an ever-increasing number of 
apiDlications as a finishing metal, desiiite its high price as compared 
with platinum and palladium. The explanation may be found in the 
hardness and brilliant bluish white color of the rhodium deposit and 
in the fact that rhodium plating solutions are easy to oiierate, are not 
very critical in regard to current conditions, and have excellent throw- 
ing power. As to future developments, it seems that rhodium will re- 
main predominant over the other i)latinum metals. However, since 
the supply of rhodium is limited, it is desirable to improve the known 
platinum solutions and also to develop the use of plating palladium 
by itself or in combination with other metals. Atkinson describes 
a method of codei)ositing palladium with either cobalt or nickel. 

PLATINUM 

The oldest known and most widely used platinum plating solution 
dates back to a French patent granted to Pilet in about 1883. In 
his formula platinum is present in solution as chloroplatinic acid, 
HoPtCle *01120 (commonly referred to as platinum chloride). In 
preparing the bath this salt is boiled with sodium phosphate, 
Na2HP04-7H20, and ammonium phosphate, (NH4)2HP04, for a con- 
siderable time. During boiling, the color of the solution changes from 



360 MODERN ELECTROPLATING 

much below 6.4 may cause peeling, especially in the nitrate-nitrite 
bath. 

Up to the present addition agents have not had much success in 
brightening the deposit. In this connection it must be remembered that 
most organic substances, when added to the bath, will eventually re- 
duce the platinum compounds to the metal. Platinum anodes are used 
in all baths. The basis metals to be plated should be cleaned in the 
usual manner by electrocleaning and by cyanide or acid dips or both. 

For reasons of economy it has become common practice to apply a 
nickel undercoat. Tliis is necessary whenever lead, tin, and zinc alloy 
articles are to be jilated. Since platinum d(?i)osits arc used mostly 
for ornamental purposes and as flash i)lates, no special thickness tests 
are needed and no specifications have as yet been set up. The only 
exception is in the case of white gold jewelry. Whenever the word 
“platinum’^ appears in the hallmark, the stamping law requires a 
platinum deposit of 5 % by wciglit of the artic'le. When heavier than 
flash deposits of platinum are aiiplied, they liave to be scratch-brushed 
intermittently. Owing to the codeposition of liy(lrt)gon, jilatinuni de- 
posits are, as a rule, hard and brittle and therefore difficult to polish. 
The buffing wheel should lie charged iireferably with an aluminum 
oxide or a chromium oxide compound. 

PALTADIUM 

The oldest practical formula for a palladium plating })ath is given 
in a patent by Pilot*’ (18441 which is analogous to his formula for a 
platinum plating bath. 


PiUET Paulauium Bath 


Balladous chloride, IMCl. ^IIoO 0.5 oz/gal (3.7 g/1) 

Disodium phosphate, Na2HP()4 13.4 oz/gal (100 g/1) 

Diainmoniuni pliosphatc, (NH4)2HP()4* I21l2t) 2.6 oz/gal (20 g/1) 

Benzoic acid, C7H6O2 6 dwt/gal (2.5 g/l) 

This solution is boiled until the dark red color is changed to a light 
yellow, indicating the information of a comi)lex ammino palladium 
compound. 

Palladium deposits can be obtained from this solution at 50°C and 
at about 1 to 2 v, and a current density of 1.8 to 2.8 amp/sq ft. Under 
these conditions the deposit remains bright for short jflating periods 
but soon becomes cloudy and dull. Platinum or palladium anodes are 
used, neither of which are attacked. Palladium is replenished in the 
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batli through additions of palladous chloride and subsequent boiling 
until the original color has again changed to liglit yellow. 

Here, again, since about IIMO, the introduction of the ainmino nitrite 
of the metal lias offeued certain advantages as outlined above for the 
corresponding platinum salt. By using the same formula as the Pilot 
one above, but ]’e]dacing the palladous chloride with the palladium 
ammino nitrite, the useiul life of the bath can be considerably in- 
creased, since no chlorides are accumulated during plating operations 
and the cathode efficiency remains at about 90 %. It is important, 
however, to hold the cuirent density just below the gassing point; 
otherwise, dark and powdery dejiosits will result. 

The conecntralion of the*, salts of the palladium ammino nitrite bath 
is not critical. The metal content can be incrc'ased for making heavier 
de])osits without changing the characteristics of the deiiosit or the 
jilating conditions. The pH is jireferably kejit at about 7.0 by adding 
ammonia from time to time. Deposits obtained at a pH below 7.0 
may be slightly brighter but have a tendency to peel. 

The patent literature' since about 1940 lists a great number of 
l)!illadium bath patents; ' “ however, upon checking the claims experi- 
mentally, it has been found that many of them are inoperative or im- 
practical. Most of the commercially available solutions are supplied 
in form of concentrat(‘d solutions. 

During World War II palladium was the only iilatinum metal avail- 
able: for unrestricted use. Tor tins reason it found extensive applica- 
tion as an ornamental and protective finish. It also was used to some 
('xtent, (‘ither alone oi' as an underjdate for I’hodium, cm certain parts 
of radar or eh'ctronic apiiaratus. 

With the rai)id developments in the field of ultrahigh frequency 
a})])hcations, the use of palladium has increased steadily until today 
tlie metal has assumed a very iuqantant place with great ])Ossibilities 
for the future in I he electronic industries. 

Here the specifications call generally for a thickness of 0.00004 to 
0.0002 in., and such deposits can bo obtained from some of the solutions 
described above. 

A very suitable iilating bath for this particular use is described 
by R. IT. Atkinson and A. R. Kaper.^^* Essentially this is a sodium- 
palladium nitrite bath of the following composition. 

10 g palladium, as Na2Pd[(N02)4] 

30 g sodium chloride, NaCl 
1 1 HoO 
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If operated at a pH of 4.5 to 6.5, the |)alladiiim anodes are soluble 
with elose fo 100% efficiency, and the cathode efficiency is about 
90 to 95^.. Deposits of 0.00004 in. and more are bright when plated 
at current densities of from 3.8 to 10 arnp/sq ft. 

Nickel is not a very suitable underplate for palladium owing to a 
tendency of the palladium to peel. Although palladium can be plated 
directly on copper and its alloys, a silver flash or i)late is desirable. 

RHODIUM 

Even though a few references to the eh'cti’odeposition of rhodium are 
found in the literature })rior to 1915, this metal was never used to 
any extent fo]' j)lating purposes until 1930. 

The first attempi^s to plate with rhodium employed the commonly 
known) rhodium salts such as the chloride or tlie sulfat(‘. Although 
de])()sits (nin be obtained from these solutions, they are far from 
satisfactoj'y. A idiodium bath made up according to any old Pilet 
formula using liiodium chloride with a mixtiue of sodium and am- 
monium phosj:)hates yicddcul de])osits of steel-blue color and had an 
extremely poor throwing i)OW'er. A immlx'r of paUmts ^ ' have been 
issued for rhodium plating solutions which cover alkali double nitrites 
in acid or alkaline solutions, rhodium sulfate or chloinde in combination 
wiLh corresponding alkaline salts, and Iree acid and rhodium ammino 
cyanides. 

In general, it may be said that only acid electrolytes will give a 
bright, white deposit and at the same time show good throwing power. 
The solutions which have been most successful in this country are 
of the acid type. They comprise rhodium sulfate dissolved in dilute 
sulfuric or i3hosi)horic acid, or rhodium phosphate in combinatif)n with 
some acids. Although rhodium sulfate is a w^ell-defined compound of 
the formula Rh^-tSOjla ■ I 2 II 2 O, there seem to exist a number of 
rhodium phosphates of a more or less complex nature to which no 
definite formulas can as yet. be assigned. 

Upon attempting to isolate these complex phosphates in salt form, 
they undergo changes, or decomi)ose, making identification difficult 
if not impossible. It is only by rigorous and scientific control during 
rhodium salt manufacture that a constant and uniform product can be 
obtained. This also explains why rhodium for plating purposes is now 
sold in the form of coiujcntrated solutions. 

The rhodium ])lating solutions in ]iractical use today, whether 
rhodium sulfate or rhodium i)hosphatc, usually have a metal concen- 
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li*aiion of 5 dwi/j^ul. This foiicoiilratioii is entirely arbitrary and has 
been adoi)ted as a compromise; it keeps tlic mil ial* investment and the 
drag-out losses low and has at the same time enough metal m solution 
for quick coverage at a reasonable cathode eflicienc-y. 

The acid concentration is not very critical and can range' from 10 
cc/l (1.3 li(] oz/gal) upward for either sulfuric acid or j)hos])horic acid. 
Higher acid conccaitration tends to lower the cathode' efli('i(‘ncy sliglitly. 

A representative formula for a rhodium [)lating bath as used today is 

Hi I ODIUM Platino Baths 

1. Sulfuric acid concentrated, c.p. 2.5 liq oz/gal (21) cc/l) 

Rhodium metal in pre])aied com^ontrated solution 5 dwt/gal (2 g/l) 

2. Orthophosphoric acid (85%) 5--() lic] oz/gid (40 cc/l) 

Rhodium metal in prepared coiuientrated solution 5 dwt/gal (2 g/l) 

It is important in making up either bath to a.dd the acid to the 
water before adding the rhodium. If this is not done, tlu' rhodium 
compound may be iiartly pre.cijiitated ))y hydrolysis. Even if the 
precipitate may gradually go into solution a, gain, the bath will no(- 
yield white deposits 

The best working temiierature is a.rouiid 40'^' to 45''C/ A current 
density of 10 to 100 amivs(l ft may lie used, liisolulile platinum anodes 
are employed, and the metal content is replenished by the addition of 
tlu' eoneentrated rhodium solution. 

A good rhodium solution of this lyjie shoukl produce' a bright de- 
])osit of approximately 0.00015 em (O.OOOOt) in ) in 30 min at 20 
amp/sq ft whieli does not r(‘(|uire buffing. Tluj throwing [lower aji- 
jiroaelics that of a gold or silver eyanide hath. 

Figures 1 and 2 ai‘e liased on tests with a standard rlioelium [ilating 
hath containing 2.5 to 3 liq oz/gal of concentrated sulfuric acid, c.p , and 
5 dwt/gal of rhotlium metal in the form of tlu' commercially available 
I'omplex [)h()S])hate. The; (‘urves of Fig. 1 show the effects of liath 
te'inperature and current density on cathode eurivnt effieuency. The 
eairve in Fig. 2 shows the relation between I'ate of elepositiori and the 
metal concentration of the hath. 

It has become common jiractie.e to use a nickel ui‘ 1 night nickel under- 
coat for rhodium, except in the case of gold alloys and platinum bases. 
Zinc, tin, and lead alloys must receive a good, heavy nickel undercoat 
so as to completcdy protect the basis metal from the action of the 
rhodium solution. This holds tnie whether the rhodium is plated fi'om 
either the phosiihoric acid oi' the sulfuric acid hath. 
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Temperature, "C 

1. of 1)11 til k'mpoj’aUiro and cathode enrient density on current tTIi- 

ciency. 
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Rhodium, g/l 

Fig. 2. Effect of rhodium concentration on cathode curiciit efficiency. Bath 
composition; Sulfuric acid, 4.7 oz/gal; ihodiuiii, 0 to 2.1 oz/gal, temiicraturc, 
SS^C; current density, 36.2 amp/H(i ft. 
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Heavy rhodium deposits up to 0.0005 in. thick found a limited appli- 
cation during World War II where highest wear and corrosion re- 
sistance were required. The following formula is recommended for 
producing such heavy deposits. 

Rhodium metal as rhodium sulfate 1.34-2.7 oz/gal (10-20 g/l) 

Concentrated sulfuric acid, c.p. 20 cc/1 

Current density 5 amp/sq ft or below 

Temperature 50 ‘^C (122°F) 

Rhodium deposits are characterized by their high reflectivity, the 
ratio of reflected light to incident light being 78%. Tlie hardness of 
the plate ranges between nickel and chromium. In most cases rhodium 
is applied as a flash plate averaging less than 0.000001 in. (0.0000025 
cm) in thickness. For silverware and for liigh grade reflectors for 
searchlights (some are 1 .5 m in diameter) and for motion picture pro- 
jectors, a plate up to 0.0000075 in. (0.000018 cm) in thickness is rec- 
ommended. 


RUTHENIUM 

Tlie following formula has been recommended for a ruthenium 
bath ; 


Ruthenram nitroso chloiide, RuNOClj 10 dwt/gal (4 g/l) 

Concentrated sulfuric acid, c.p. 2.5-3 licj oz/gal (20 c,cyi) 

Current density 20 amp/s(i ft 

Voltage 2.5 v 

Color of deposit Rather dark 

ANALYTICAL METHODS 

Analytical methods for the exact determination of the platinum 
metals in plating solution are somewhat complicated, owing to the 
highly complex nature of the compounds in the bath. Accordingly, 
iiighly specialized methods of analysis arc employed. As long as th(‘ 
solution is not contaminated with other metals, the platinum metals 
can be determined by electrolysis, that is, by ‘h;omplete depositing 
out,” but the results thus obtained will, as a rule, be short of the 
actual amounts present. 

In the case of rhodium solutions, colorimetric methods have been 
worked out, and a kit containing the necessary materials and apparatus 
is available. The results thus obtainable are accurate to about 0.1 to 
0.2 g/l provided that the i)lating solution to be tested is not contami- 
nated by other metals. 




Silver 

N. E. J^KOMISKL^ 


Sil\Tr coiiLiiigs nw ai)|)lit‘(l to m j;rc‘ai variety of basis nu'tals and 
alloys because of the uiiiiiue i)ro|)erties that silver exhibits in (he (le(H>- 
ratave, ele(‘.trieal, clieniieal, and mechanical fields Its pleasing decora- 
tive appearance is the chief reason for its use on tableware, (h'c.ora- 
tive metal objects for the home, and musical instruments. In tlu^ 
electrical field it finds wide usage for electrical and electronic circuit 
parts because; of its liigh conductivity. The general insolubility of 
silver in most corrosive niediums makes it useful in the manufacture 
of chemical (‘iigineeiing e()uii)ment and surgical instruments. Silver 
deposits a,r(; used in the mechanical field because of its high lomi-cai’ry- 
ing and non-wedding ])roperties under marginal lubrication for the 
fabrication of bearings, thrust washers and anti-fret siirfae^es in thick- 
nesses from 0 0005 in. (0.013 cm) to about 0.060 m. (0.15 cm) cum- 
])ared to ajiproximate^y 0.002 in. (0.052 cm) maximum for most other 
a])plications. 

Silv(‘r finds wide usage; on non-medallic materials such as glass and 
jilastics few the manufacture of mirrors and ornamental objects, 
Einally, it should be mentieaied that the e-lectrodeposition of silver 
in the silver coulometer forms the basis of the international am]iei’e. 
Other apjilications exist, but silver plating as discussed in tliis cha])ter 
has to do only with the de;position of smooth, dense, adherent deposits 
on a medal or alle)y basis metal and does ne)t include electi’oforniing, 
electrorefining, etc. 

The origin* of silver electrodeposition is closely related to the birtli 
of the electro])lating industry. The earliest patent granted for the 
application of the iirinciples of eleGtrod(;positiun for decorative pur- 
poses is credit(;d to Elkington and Barratt, of England, in 1838. Two 
years later, Elkington received a patent for silver plating. Oddly 
enough, this patent describes essentially the present-day silver plat- 
ing bath, that is, the double cyanide bath with excess alkali cyanide 

* Navy Department, Bureau of Aeronautics, Wasliington, D. C. 
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ClASSES OF BATHS (TO 1913) 

In the hundred years that have elapsed since the work pf Elkington, 
numerous investigations and publications have dealt with variations 
of his formula, together with many other novel ones. The literature 
uj) to 1913 has been well reviewed by Frary,’ and the solutions used 
u]) to that date may conveniently be divided, for the most part, into the 
classes shown below. 

Simple Silver Salts (in Acan or Ammoniacal Solution, 

WITH AND without ADDITION AoENTS) 

Thorough investigations of silver nitrate in a nitric acid solution, 
with and without addition agents such as glue,- have not developed a 
commercial electroplating bath; the same applies to other silver salts 
such as the fluosilicate, fluoborate, perchlorate, methyl sulfate, bisul- 
fite, iodide, lactate, citrate, and tartrate. In the non-plating field, the 
nitrate solution is used industrially for the electrolytic parting of silver 
from gold and in the standard silver coulometer. 

0 

Alkali Cyanide Solutions (plus Silver C/Ompounds Made from 
THE Nitrate, Chloride, Oxide, or any^ other Silvtcr Compounds 
EXCEPT the Ch'ANlDE) 

Silver chloride in jiarticiilar was popular, probably because it was 
so readily prepared, in a ndatively ]mrc state, from scrap silver or 
waste silver solutions. Ferrocyanides were also frequently used as a 
jiartial substitute for cyanide itself. Brighteners such as carbon di- 
sulfide were used to improve the otherwise dull, milky appearance of 
the silver deposit. These baths enjoyed some limited commercial suc- 
cess in the decorative field. 

Free Alkali Cyanide Solutions of Silver Cyanide 

These solutions are similar to the silver plating bath originally de- 
scribed in 1840. This bath with its carbon disulfide brightener has 
definitely established itself as superior to all others because of sim- 
plicity, stability, ease of operation, favorable electrochemical prop- 
erties and attractive appearance of deposits, especially in the decora- 
tive plating field. However, silver plating for engineering applications 
has imposed in many cases quality standards on the heavy deposits, 
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together with numerous anode limitations which required some modifi- 
cations to this basic bath. The chief modifications are the addition of 
potassium nitrate and hydroxide, either alone or together. 

Current investigations devoted to silver plating are not so much 
concerned with finding radically new types of sol\itions, thougli such 
work is in progress, as they arc with modifying the present cyanide 
bath in order to: (a) permit the use of higher current densities with- 
out sacrificing the appearance of the silver deposits; (b) improve the 
throwing powei- so as to secure better distribution of the deposit; (e) 
control the (UJirosion of silver anodes; and (d) apply mechanized 
equipment such as plating machines, automatic filtration, anode and 
cathode agitation, and more efficient racking methods. It is from 
these studies that we may expect the future progress in commercial 
silver plating. 

FITISICTTONS OF CONSTITUENTS OF BATH 
SiLVEii Cyanide Com1»lex 

Silver cyanide is by far the most important source of silver ions in 
cyanide silver plating solutions. Regardless of the manner in which 
silver enters the plating bath, whether through silver cyanide additions 
or through the dissolution of silver anodes, its solubility and ion con- 
centration depend upon the presence of sodium or potassium cyanide, 
which forms with silver a soluble complex anion, predominantly 
Ag(CN) 2 ". Chemical calculations arc therefore based on a ratio of 
two molecules of the alkali metal cyanide to one atom of silver. The 
gieatcr the excess of alkali metal cyanide (usually called ‘‘free cya- 
nide/0 above that required to form the anion, Ag(CN) 2 ”, the greater 
the decrease in the concenti'ation of the silver cation. However, the 
silver cation concentration is essentially independent of small changes 
in the metal concentration within the usual bath-operating range. 

Electrical Resistivity 

The actual electrical resistivity of the silver plating solution is de- 
termined by all the bath constituents present and is usually between 
5 and 20 ohm/cm^. The numerical values in Table 1 illustrate the 
relative magnitude of the three common constituents which have the 
most significant effect on resistivity and all other ingredients within 
conventional plating range. 
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Table 1. The Effect of Increasing Concentrations of Added Ingre- 
dients ON THE Resistivity of a Cyanide Silver Plating Solution 


Effert of Potassium Curbonatc 

Efl'cot of Free Sodium Cygindi' 

KIT('ot of PotasMum Nitrate 

Coiicfutrution 


Concciiiratiori 


Cuiu'eiitiation 




Rosistivitv, 



llesi.siiviiv, 



Ibi.si.stivitv, 



olim/cm’’ 






oliiii/ciir* 

07. /gal 

g/1 


oz / Kal 

g/1 


oz/(!:al 

g/1 


1 .9 


9 

1 0 

7.. 5 

14 



17 -T. 

10 

7.^ 

O.ii 

A 

30 ' 

11 

JO 

7. '3 

9 

17.4 

130 

f) 0 

0 

4.5 

9 

10.1 

120 

t) 0 


It will be not(‘d m Table 1 ihal I’osistiAnty may lie rccliieed ajipreci- 
ably with small Jidditious of sails wlum the original value is high. 
As the resistivity decreases, the amount of added material required 
to reduce it furlber becomes c-omparatively great (‘r. Th(‘ literature 
shows 110 eAud(mee of silver baths having resistiviti(‘s below a]i])ro\]- 
inately 5 ohiii/cur^ at room temjieratures. This is (wideutly ncair the 
limiting Auilue, and solutions are planned to approach it as# closely 
as other factors demand or allow. 

Where resisthdty measurements are not feasible, an approximation 
of this value' may be olitained by means of hydroiiK'tc'r rc'adings. 
Baths having specific gravities above T120 (15.5 Be) will generally 
have specific resistiAuties between 5 and 6 ohm/cm^. 


Factors Affkotjnc; Polarization 

Measurement of cathode iiolarizatioii in silver solutions is subject 
to considerable difficulty and is j’arely reproducible. A thorough study 
of this subject is yet to be made, but the known (rends are often help- 
ful in analyzing idating conditions. 

Free alkali cyanide, besides reducing resistivity and serving as a 
complex anion builder, increases the cathode i)olarizatioh, makes pos- 
sible good corrosion of the anodes at low current densities, and favor- 
ably affects the physical properties of the deposit. The alkali car- 
bonate also decreases resistivity, increases cathode and anode polari- 
zation, and improA’^es the physical properties of the plate. Increasing 
the silver concentration decreases cathode polarization and resistivity 
and has little effect on the physical properties of the plate, provided 
that the concentration is sufficient for the specific plating conditions. 
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Of tlic other ions that occur in silver plating solutions, the two that 
luiA'C received greatest consideration are sodium and ])otassiuin, the 
relative merits of which have long been argued. It has been shown 
tliat the cathode polarization at wliich so-called ‘‘burned” deposits 
occur is lewder in sodium cyanide solutions than in potassium cyanide 
solutions because the iiotassium bath has greater conductivity. This 
is the chief reason for the general iireference which exists for the potas- 
sium cyanide solution, since, in general, a potassium ion bath will per- 
mit a 20 to 25% increase m cuiTent density OAaa- the corresj)onding 
sodium ion bath with a whiter deimsit. The solubilities of the respec- 
tive carbonates are also imiiortant. Owing to the greatly decreased 
solubility of sodium carbonate in the silver plating bath at, low tem- 
l)eratures,* difficulty is sometimes experienced when a j)latmg solution 
high in this salt is allowed to cool. At such tinuvs, small cryst,a,ls of 
sodium carbonate may form and anchor to tlu‘ cathode' itself, (‘a, using 
faulty silver deposition. Anotlu'r undesirable (‘ITect when the (‘ar- 
bomite coiicentd'ation has re^aclied 10 oz/ga! is a rise in cathode jiohiri- 
zation. This condition frc'CTjuently results in “burned” di'jiosits which 
can be minimized ly k(‘e])ing the sodium (‘arhoiuitc' lielow (> oz/gal, 
while the concentration of jiotassium carbonate may safely be per- 
mitted to reach 15 oz/gal. Since the latter is aiijiroximately the 
e(|uilibrium value lietween drag-out in commercial plating and chemi- 
cal formation from cyanide, f an added advardagc' for the jiotassium 
salt over the sodium salt is evident. The only advantage for the use 
of soiliiim salts is the lower cost as compai'ed with jiotassium 

Experinu'ntal studies indicate that chloride, formate, acetate, 
hydroxide', jihosiihate, borate, and sulfate ions incn'ase the liardness of 
the silver dejiosit as jilated, this hardness being lost on heat treatment 
above with l)OJ*a,te and chloride ions luiving the greatest effect. 

Tlie cathode iiohirization in all cases was rei)orted to be consideralih'. 
It seems likely that the effect of these ions, idiosjihate, liorate, etc., on 
ihe ])hysical a]^])earance of the cathode is associated with theii’ intlu- 
erj(‘e on a colloidal subst,anc(^ derived from the carbon disulfide or its 
reaction products. 

Carbon disulfide is the ])rimary addition or brightening agent in 
current commercial use in the decorative field. It is invariably added 
to the bath as a solution or suspension made by taking a small sample 

* This is a universally recognized fact, but luniienctil \ allies are not available. 
However, in jiuro water, sodium carbonati' dissohes to the extent of 7.1% at 
and 45 4% at 100“(t 

t Carbon dioxide IVoni tlu’ atmosphere is absorbtal l)y the' bath and u'ac'ts U/ 
form carbonate: 2NaCN + COo + H-jO - NaA'Oy + 2HCN. 
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of the plating batli or a fresli potassium cyanide solution and dissolv- 
ing the carbon disulfide in it. This addition causes an immediate drop 
in cathode polarization whitrh is only transient. Although it is pos- 
sible, using this brightener, to imxluce nearly mirror bright deposits 
under ideal conditions, it is more common practice to add only enough 
of the brightener to produce semi-bright deposits. Such deposits are 
finished with little more efi'ort than is reciuired for the brightest ob- 
tainable, and, even in tht‘ latter case, some finishing or buffing opera- 
tion is usually necessaiy. On a single cathode of irregular shajic sucl 
as a teaspoon, it is possible to have many degrees of brightness, vary-^ 
ing sometimes in sharply defined bands because of differences in 
agitation. It is interesting to note that what is essentially a silver 
jilating solution is used for elcetropolishing,*'' the major differences be- 
ing a reduced free cyanide (about 2.5 oz/gal) and an increased current 
density (about 15 to 25 amp/sq ft). 

BATH (COMPOSITION 
Decorative Silver 


POTASSIUM CYANIDE BATH 

The silver plating bath commonly used for most [lurposes except 
bearing plating contains: 


Silver (as metal) 

Free potassium (yaiiide 
Potassium c.arbonate 
Carbon disulfide brightener 
as needed 


3- 4 troy oz/gal (25-33 g/1) 

4 -0 oz/gal (30-45 g/1) 

4- 12 oz/gal (30-90 g/1) 

Uj) to 0.0001 fl oz/gal (0.9 mg/1) 


A concentration of silver higher than 4 oz/gal may be employed 
Avhere the added cost is comiiensated for by a higher limiting current 
density. HowCA^er, a large increase in silver content of the bath has an 
adverse effect on its throwing power and, to some extent, on anode 
l)olarization. Below 3 oz/gal of silver, a lower current density range 
becomes necessary; but this is sometimes acceptable where the re- 
sulting greater throwing power at such low current densities is re- 
quired. Furthermore, below 3 oz/gal the silver losses due to drag-out 
are reduced. 

A minimum of 5 oz/gal of free cyanide is usually required to main- 
tain satisfactory anode corrosion. The free cyanide content may be 
raised appreciably above 5 oz/gal without affecting the appearance 
(jf the silver plate; furthermore, throAving poAA^er is imiiroved and higher 



SILVER 


373 


current densities are permissible under otherwise favorable conditions. 
Oh the other hand, under some conditions, a large excess of free 
cyanide will reduce or completely destroy the effect of the carbon 
disulfide brightencr. A noticeable effect in the behavior of the bright- 
encr may be expected at a free cyanide concentration above 8-9 oz/gal. 

When a new bath is being made up, potassium carbonate is added 
to improve conductivity and to increase cathode polarization. Potas- 
sium carbonate is the normal decomposition ])roduct of potassium 
cyanide, and its concentration tends to increase on contimicd operation 
and aging of the bath. 


SODIUM CYANIDE BATH 

These solutions arc frequently made witli sodium cyanide and 
sodium carbonate where economy prohibits the use of the more expen- 
sive potassium salts. The following concentration ranges are typical : 

Silver (as metal) troy oz/gal (25 -33 g/1) 

Free sodium cyanide 4 5 oz/gal (30-38 g/l) 

Sodium carbonate 5-0 oz/ gal (38-45 g/l) 

Carbon disulfide brightencr 0,0001 fl oz/gal (0.9 mg/1) 

The only major difference in desirable range of concentrations l)e- 
tween this sodium cyanide solution and the potassium solution sjieci- 
fied above is in the carbonate content. The undesirable effects of high 
concentrations of sodium carbonate have been described above. It 
may be noted that, by limiting a silver plating solution to tliis lower 
total carbonate content, bath conductivity is sacrificed and tlirowing 
power is decreased. 


MIXED SODIUM TOTASSIUM AND NITRATE BATH 

The following silver plating solution, attributable to Wood, which is 
slightly different from the conventional ones, is in limited use today: 


Silver (as metal) 
Free sodium cyanide 
Sodium carbonate 
Potassium nitrate 


2.0 2.3 troy oz/gal (10-18 g/l) 
2-3 oz/gal (15-22 g/l) 
max. 3 oz/gal (max. 22 g/l) 
lfi“20 oz/gal (113 150 g/l) 


111 spite of the lower range of silver concentration, the current density 
range is equivalent to the higher silver concentration in the conven- 
tional bath. 

In potassium nitrate-cyanide solutions such as the above, anode 
corrosion appears to be due in part to the nitrate ion.* This allows a 


♦Silver may be stripped electrolytically from steel in a solution containing 
only potassium nitrate and ammonium hydroxide. 
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lower range of free cyanide concentration as compared to the nitrate- 
free baths, even in the presence of carbonate, which tends to decreiise 
anode corrosion. Jn the presence of nitrate, brigliter deposits are 
usually possible. Satisfactory anode corrosion may be had at as little 
as about 1 oz/gal of free cyanide. Concentrations of free cyanide 
higher than 3 oz/gal have no adverse effect except where maximum 
brightness is needed, which is accoiiii)anied by a slight improvement in 
throwing power and covering power. 

In principle, a fj*(ishly prepared nitrate-cyanide bath contains no 
carbonate; however, carbonate is formed in the bath, and, at a con- 
centration above about 3 oz/gal, maximum brightness is no longer 
obtainable. However, up to tJiis value, 3 oz/gal, the carbonate may 
})e considered a tolerable imp\n-ity. When maximum brightness is 
unimporl-ant, the presence of a higher carbonate coiHicntration may be 
accepted as contributing to higher cathode polarization with improved 
throwing power. 

In the nitrate-cyanide hath, the potassium nitrate ha.s a beneficial 
effect on the appearance of deposits and on the operation of the bath. 
On the other hand, when sodium nitrate replaces the i)otassium salt, 
a very undesira))le plating bath is obtained. It is possible to use a 
mixed i)otassium niti'ate and sodium cyanide bath iirovided that the 
[lotassium nitrate concentration is kej)! r(datively high with respect to 
the total sodium salt concentration. 

SILVKR STRIKE 13ATJI ON NON-FERROUS BASIS MF/PALS 

A “strike’^ solution is generally necessary to promote adhesion. 
Sodium salts — not potassium salts — an* used universally for these solu- 
tions. The most common “strike” solution for basis metals other than 
steel contains: 

Silver (as metal) 0.4-().(5 troy oz/gal (3-4.5 g/1) 

Free sodium cyanide 8-12 oz/gal (^>0 90 g/1) 

Sodium carbonate 1-4 oz/gal (8 30 g/1) 

Below 0.4 oz/gal of silver, a smutty, burnt deposition high current 
density areas may result. At concentrations much above 0.6 oz/gal 
of silver, the cathode current efficiency improves to such an extent that, 
for the short period usually involved in a “strike,” little or no gassing 
may occur; the “strike” operation becomes nearly equivalent to that 
of a regular plating operation, and thus falls short of performing its 
desired “strike” functions. Large concentrations of free sodium 
cyanide, 11 oz/gal and higher, cause very low cathode current efficiency, 
necessitating a longer striking time to obtain adequate or complete 
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coverage. Concentrations of free cyanide below 8 oz/gal reduce the 
normally high cathode polarization and high conductivity, and there- 
fore cause poor covering power and throwing power. The sodium car- 
bonate is sometimes added to a new “strike” to improve both factors, 
but more often the carbonate of the bath results from the decomposi- 
tion of the cyanide in the bath. 

SILVER STRIKE BATH FOR FERROUS BASIS METALS 

Steel is now rarely plated directly with silver, but, when it is, a 
“first strike” is used, such as: 

Silver O.T-0.2 tro}^ oz/gal ('U 1 ' 2 g'/ O 

Free sodium cyanide 8-20 oz/gal (60-150 g/t) 

The combined effect of reducing tlie silver concentration of (he first 
“strike” formula and of increasing the free (‘vanide is to decrease the 
silver ion concentration to an extremely low value which insures good 
arlhesion of the dciposit on steel. There is (;vidence'^ that the strike 
produces crystal nuclei at edges of ferrite crystals, promoting intra- 
atomic bonding prior to growth of these nuclei in subsequent silver 
plating. 

PREPATtATION OF BASIS METALS 

There are three iiroblems in silver deposition which require con- 
sideration in pi‘ei)aring the basis metal. These are: 

1. The possibility of dei)osition ])y immersion or replacement, with 
poor adhesion. Electrical contact before immersion in all silver baths, 
including strike baths, minimizes this phenomenon. 

2. The difficulty of covering solder or other areas on which the dep- 
osition potential of silver is greater than on surrounding basis metal. 

3. The tendency of the silver deposit, under certain conditions, to 
reproduce macroscopically tlie surface structui'c of the basis metal 
and thus introduce a finishing problem. In this connection, the cathode 
j)olarizatioii is at first lower on a coarse surface, as for example when 
etched to exiiose the structure, than on a smooth, polished surface. 
After some minutes of plating, however, the polarization values on 
both types of surfaces approach each other. 

In some cases, all three problems may be solved by the use of one 
or more silver “strikes” i)receding the plating operation. The strike 
solution has a lower silver ion concentration than the plating bath, 
and therefore the tendency to plate by immersion is reduced. The 
lower cathode efficiency of the strike operation introduces cathodic 
reduction by hydrogen, which, in turn, promotes good adhesion even 
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when slight deposition by immersion is known to occur. A higher 
average cathode polarization voltage is possible in the strike. This 
is perhaps due to the selective stirring effect of the hydrogen gas 
bubbles at the high cui’rent density areas, which stirring lowers the 
tendency to burn, at least for the short period involved. Tf the strike 
operations result in masking the basis metal influences with a relatively 
heavy silver deposit applied at high potential, satisfactory deposition 
may follow in the plating solution. If the strike deposit is not heavy 
enough or if it, too, has failed to compensate for the basis metal in- 
fluences, then part of the strike deposit of silver may be found to have 
dissolved during the subsequent plating operation. Thus, on the other- 
wise well-plated cathode, the ‘^‘.ounterpotential areas’’ emerge from 
the bath unplated, or, under the same conditions, a thin silver plal(‘ 
will cover the basis metal but reproduce its surface structure, particu- 
larly at the low current density areas. 

It is not always i)ossible to obtain satisfactory adhesion and cover- 
age by the use of a silver strike alone. In preparing copper and brass 
articles for the silver plating bath, a mercury dip often precedes the 
silver strike and results in improved adhesion. Undercoats of nickel 
or of tin are also used to minimize deposition of silver by imijiersion 
and to mask basis metal influences. Nickel and tin are usually pre- 
ferable to mercury, especially if it is possible to secure satisfactory 
coverage at low cathode efficiency; in such cases, cathodic hydrogen, 
if not excessive, will assist in producing good adhesion of the inter- 
mediate deposit of nickel or tin. 

OPERATING CONDITIONS AND CHARACTERISTICS 

The fairly recent advent of very high current densities in the com- 
mercial electroplating of most metals has not been i^aralleled in the 
case of silver, where very small gains have been made over older 
practice. The notable exception has been in the field of silver-plated 
bearings, which are separately covered later. The exact values of the 
current densities which continue to be used, predominantly in the 
range of 5 to 15 amp/sq ft, depend upon whether or not a preliminary 
silver “strike” is used or whether a silver plating bath is used direct. 
In either case, the current density depends also on bath composition; 
on the thickness of silver to be deposited; on the nature of the article; 
on the geometry of the setup; on the amount and type of agitation 
employed; and on the temperature of the bath. 

A strike solution is always operated at room temperature, and 
there is always a certain amount of agitation due to the hydrogen gas 
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liberated at the surface of the article being iilated. This agitation is 
generally augmented, however, by a gentle rocking of the cathode 
itself. Under such conditions, the current density for the first 5 to 15 
sec is in the neighborhood of 25 ainp/sq ft, and for articles not hav- 
ing deep recesses and prominent projections this period is often long 
enough for striking. Where a longer strike is desired, say, for about 1 
to 3 min, the current density is dropped to 10 to 15 amp/sq ft, and, 
where strike solutions are used to dei)osit a desired thin coating (with- 
out any further silver plating), the maximum current is even lower 
than 15 amp/sq ft. In all cases, lower current density values may be 
used if the resulting decreased throwing power is acceptable. Special 
“strike” conditions for silver on steel m the manufacture of electron 
tubes have been described by Freedman.® 

In regular silver plating solutions, the range of current density is 
generally from 5 to 15 amp/s(| ft, at about 27°C. When relatively flat 
objects arc to be plated and careful cathode racking is practiced, and 
if the bath is properly agitated and general optimum conditions arc 
maintained, the lower values can be raised to 15 amp/sq ft and good 
plate obtained. It should be emphasized that all these current density 
figures are average ones, obtained by dividing the total current used 
for several or many objects racked in parallel by the estimated total 
area being plated. 

Higher current density ranges are made possible by using potassium 
rather than sodium cyanide; by keeping the (‘arbonatc concentration 
(expressed as potassium carbonate) below 10 to 12 oz/gal; by cau- 
tiously adding carbon disulfide; by raising the baih temperature; by 
improving the rack design; and, within narrow' cr limits, by improving 
the agitation of the bath. The most important factor of all of these 
is the increase in temperature, and it is often possible to increase the 
current density by 50% upon increasing the temjicrature by ll^'C. 
An increase in current density is accompanied by an increase in throw- 
ing power; by an increase in anode polarization; by an increase in 
cathode polarization (unless gassing occurs) ; and, up to a certain 
point, by an improved appearance of the silver deposit. 

Most silver plating solutions are operated between 24 "" and 32 °C. In 
fact, there is a strong tendency not to control the temperature, unless 
it drops much below 24°C, so that the above range usually does hold 
over both summer and winter. In some cases, a tcmiierature near 
35 °C may be employed. The higher bath temperatures are sometimes 
preferred because of possible higher cathode current densities and im- 
proved dissolution of the anode. How^ever, the disadvantages of high 
bath temperatures also become more marked. They are: decreased 
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brightness of deposit ; more rapid loss of carbon disulfide with accom- 
panying increased difficulty in controlling the solution and quality of 
plate; more rapid loss of cyanide*’ and thereby increase in carbonate 
concentration; and, finally, associated with the last, an increase in 
obnoxious fumes. Consideration of these disadvantages has tended 
toward general adoption of a temperature range of 27° to 30°C. 

Some attempts have been made to include a pH range in the specifi- 
cations for commercial silver plating. A pH of about 11.5 (colori- 
metric) lias bc‘,en recommended. Unpublished cx])eriments, however, 
indicate that there is little to be gained from pH determination in 
silver j)lating and that, in fact, some confusion and erroneous deduc- 
tions may result from its use. 

A (consideration of current efficiencies, usually necessary foi' most 
metals, is unnecessary in the case of silver plating, since under 
normal operating conditions both cathode and anode efficiencies arc* 
(‘sstmtially lOO^c- In strike solutions low cathode efficienciy is to be 
expected, but, aside from the problem of holding down the metal con- 
tent of the solution, this is of little impojtance. With the plafing solu- 
tion having constant cathode efficiency, throwing power becomes a 
function of the solutujn conductivity and rate of change of cathode 
l)olarization with current density, a condition relatiAaily simi)ler than 
in most plating baths. Comj^ared to other commercial plating baths, 
the silvea* solution may be considered to have very good throwing 
power. At 27°C and at an average current density of 7 amp/sq ft with 
a cathode distance ratio of 1 to 5 as determined in a Haj ing and Blum 
throwing power cell,” a numerical value of 55% is normal for still 
silver solufions; and a value of 40% is expected Avith mild agitation of 
cathodes. 

Owing to very low cathode polarization at which silver i)lating is 
usually accomplished, covering power is comparatively i)oor. Bui'iiing 
occurs at 0.5 to 0.7 v cathode iiolarizatimi, which means that average 
cathode polarization is of the order of 0.3 to 0.4 v. On Ioav (uirrent 
density areas, which consequently are areas of low C/^tthode polariza- 
tion, values of the order of 0.1 v may become evident. Coimterpo- 
tentials of this magnitude are experienced on nmltijilc cathodes and 
may result in failure to cover areas where the m(4al is less noble than 
that of the balance of the cathode, or on areas liaAong a greater de- 
gree of oxidation or strain, such as may be caused by coarse grinding 
or cold working. The common means of (counteracting poor covering 
power of silver solutions is to insure complete coverage in the strike 
operation which is performed at higher average cathode polarization. 
If a heavy strike deposit is used to cover the areas exhibiting counter- 
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potential, it is usually possible to complete the silver deposit in tlie 
plating solution without difficulty. 

SPECIAL CONDITIONS FOR HIGH SPEED PLATING 
OF BEARINGS, ETC.^— ^ 

AVorld AVar II created an important demand for steel-backed, silver- 
plated bearings and similar applications. Tlie silver deposit for this 
purpose was requii’ed to be fine-grained and free from excessive 
nodules, in thicknesses (pidor to machining) up Lo approximately 
0.06 in. (0.15 cm), Aft(‘r machining, from 0.004 to 0.040 in. (0.01 cm 
to 0.14 cm), a thin layer of lead-tin or lead-indium is deposited on the 
silver to improve seizAire resistance under marginal lul)ricating condi- 
tions. Of particular importance is the adhesion of the deposit to the 
steel, which led to a nuinber of tests, including heating to about 
(if no copper is used under the silver) , dissection, ultrasonic inspection, 
‘‘hammer and chiseP’ lest, radiography, fluorescent penetrant insi)ec- 
tion, vibrating impact tests and others. In general, the high degree 
(jf adhesion was obtained by careful degreasing and alkaline cleaning, 
hydrochloric or sulfuric acid pickling (sometimes anodically) , and 
striking with either nickel or cop])er j)rior to a silver strike. There is 
a real question as to the absolute need for a nickel or copper strike, but 
its use (particularly the nickel strike) appears to make the process 
more foolproof. Oc^'asionally a second silver strike, or a low current 
density silver flash, is used before the main plating. Electrical con- 
tact is made prior to immersing the bearing in the silver strike or 
plating solution. Owing to the heavy coatings required, considerable 
emphasis has been ]daced on high current d(;nsity. The higher plating 
speeds are made possible primarily by increasing the agitation, rais- 
ing the temperature, imj)roving the symmetry between anode and 
cathode, and adjusting the solution composition, particularly the metal 
content, brightener, and pli. Temperatures have ranged as high as 
55°C for using current densities, under selected conditions, upwards 
of 150 amp/sq ft. More commonly, however, a temperature in the 
neighborhood of 38° to 47 °C" is used, with current densities between 
75 and 100 amp/sq ft. Special conditions of agitation have been 
established, which generally require a special setup for each bearing. 
The latter are used concentric with a circular cast or slotted anode, 
rotating either the cathode or the anode (usually the former) 100 to 
200 rpm, with mild agitation or rapidly circulating the electrolyte past 
the cathode. An extremely clear solution, preferably constantly 
filtered,- is necessary. 
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It is not surprising that large variations in solution composition and 
procedure detail exist. The reader should refer to the many excellent 
articles on this subject. For general information, however, the 
following may be noted. Some of the silver strikes used are not greatly 
unlike those mentioned previously. The main plating bath often 
differs significantly. Ranges of the most common ingredients are 
a])proximately as follows: 

Silver cyanide 0-18 oz/gal (45-135 g/1) 

Potassium cyanide (free) (5-20 oz/gal (45-150 g/1) 

Potassium carbonate 2-10 oz/gal U5-75 g/1) 

Potassium hydroxide 0.5-4 oz/gal, generally inter- 

mediate (4-30 g/1) 

Brightener As necessary, with frequent 

or continuous additions 

The brightener commonly used for these high si)eed baths is am- 
monium thiosulfate, which is easily controlled. Sometimes this salt is 
fortified with additional ingredients, notably ammonium polythio- 
nates.“^ Amounts in the order of a few tenths of a gram ])er liter are 
generally used. 

m 

MAINTENANCE AND CONTROL OF I)ECX)RATIVE 
SILVER BATHS 

In silver plating baths, as in other baths, filtration of the bath is 
resorted to as a specific cure or treatment for rough deposits. Periodic 
filtration is a common jireventive measure, with intervals varying 
from six months in some plants to one month in others. Where fre- 
quent filtration is practiced, it is usually directed toward removal of 
particles of colloidal dimension or close to it. For this purpose, a 
filter aid, generally diatomaceous earth, is used. This type of filtration 
is based on, and sup})orts, the theory that carbon disulfide brightener 
produces a solid colloid phase in solution. When brightness of plate 
falls off in spite of the usual brightener additions, and under otherwise 
normal conditions, filtration with diatomite is resorted to, in order to 
remove the agglomerated solid colloid product. By this procedure the 
normal colloidal phase is likewise removed, as is indicated by the fact 
that a plating solution producing blight deiiosits ceases to do so after 
diatomite filtration. Furthermore, the plating solution again performs 
normally, producing acceptable bright plate, upon addition of fresh 
quantities of carbon disulfide after diatomite filtration. Continuous 
filtration, coupled with continuous brightener addition, appears to be 
a logical and desirable jirocedure. That this is not in general use may 
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be due to the difficulty of uvoidiiig introduction of air into the bath 
(hiring filtration. Air has a distinc^tly undesirable effect in tending to 
jiroduce pitting of the silver deposit. Furthermore, filtration must 
necessarily be thorough and rapid for, if not, stirring up residual 
])articlcs during filtration will usually give rise to rough silver deposits. 
Filtering through activated carlion has been observed to “remove cer- 
tain (emulative impurities not removed by other filtering jirocesses" 
but cannot be said to be in general use. 

In most plants the presence of impurities is no serious yiroblem in 
silver plating, as it is in nickel plating. Although little is known of 
the effect of foreign metals on silver filatc, no difficulties are traced to 
any, with the possible exception of iron. This metal may reach a high 
concentration in the plating bath and has been observed to cause a 
yellowish tint in the silver deposit. 

No method has been reported for removing iminirities by electrolysis 
of the silver solution. I^ow temperature is commonly applied to the 
bath to reduce tlie sodium carbonate concentration in sodium cyanide 
baths. At tlie same time, the iron concentration can be lowered by 
crystallization and removal of the iron as tlie fcjrrocyanide. Owing to 
its higher solubility at low tenijierature, jiotassiuin carbonate is not 
amenable to the same treatnumt as sodium carbonate. However, po- 
tassium carbonate is rarely objectionable in low current density plat- 
ing and usually levels off around 13 oz/gal. In the potassium nitrate- 
cyanide solution, t!\e carbonate is readily removed by precijiitation 
with calcium nitrate. 

In silver plating practice today, the maintenance and control of the 
baths are based primarily on chemical analyses and on the appearance 
of tlic deposit. The former determines the maintenance and control 
of the concentration of silver, free cyanide, carbonate, and metallic 
impurities. Physical aiipearanc-e of the plate determines the addition 
of carbon disulfide, which is normally the only other bath ingredient 
considered. Tlie o])timum (‘oncentration of carbon disulfide is not 
quantitatively known, nor can it lie controlled by quantitative analyti- 
cal means; This difficulty would appear to be due to the fact that 
carbon disulfide itself is not the direct brightc^ning agent. It is im- 
portant, however, to avoid excess brightener because of its deleterious 
effects on the deposit. 

The only other tests occasionally made on silver plating solutions 
are the determination of cathode and anode polarization. These tests 
are usually made in a Haring cell at tlie usual operating temperature 
and range of current density. Such tests, however, are not of the 
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routine type, but are rather special, being of assistance in determining 
the cause of occasional plating results which are unsatisfactory with- 
out apparent cause. As general criteria in these tests, maximum fig- 
ures of about 0.2 V for anode polarization and about 0.5 v for cathode 
polarization are normal. If values found are unusually high, an at- 
tempt is made to correlate them with excessive carbonate in solution, 
or with low free cyanide or with other analytical data. 

In silver plating solutions the normal tendency toward stratification 
is i)articularly objectionable. Continuous or daily stirring is common 
to limit the effect of this phenomenon. 

Analytical Methods 

The United States Bureau of Standards’ Research Paper 384 ade- 
(juatcly covers methods of analysis for free cyanide, silver, and car- 
bonate. The methods described in this paper are as follows: 

FREE CYANIDE 

To a 20-ml sample of the plating solution, add D.l g of potassium 
iodide (or 0.2 g for badly contaminated solutions). Dilute to 250 ml 
and titrate with 0.1 N silver nitrate solution. The endpoint of the 
titration is the first ai)pearancc of opalescenct:, best observed with a 
black background. 

1 ml 0.1 N AgNOa - 0.00980 g NaCN or 0.01302 g KCN 

SILVER 

Treat 10 ml of plating solution with 20 ml of concientrated sulfuric 
acid. Evaporate to fumes of sulfur trioxide in a well-ventilated hood. 
Add a few drops of concentrated nitric acid, if neccssaiy, to hasten de- 
composition of organic matter, and again evai)orate to fumes; cool, 
dilute to 150 ml, and warm until all solids are dissolved. Add 3 ml of 
saturated ferric ammonium alum solution and titi’ate with 0.1 N potas- 
sium thiocyanate to the appearance of a pink coloration. 

1 ml 0. 1 N KCNS 0.01079 g Ag 

CARBONATE 

To the solution resulting from the Liebig titration for free cyanide 
add a few drops of phenolphthalein solution and titrate with 0.5 N hy- 
drochloric acid until the pink color is completely discharged. 

1 ml 0.5 N HCl o 0.0530 g NaaCOa or 0.0091 g 
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ANODES 

Silver is very easily soluble anodically in solutions containing any 
appreciable concentration of cyanide ions. Exce])t in a few cases to 
be mentioned below, pure silver anodes are almost universally used in 
silver plating. Their dissolution at practically 100% current eiiiciency 
under normal operating conditions makes the replenishment of silver in 
the bath by this method ideal, for the cathode current efficiency (also 
100%) is thereby counterbalanced. The slight chemical attack of the 
silver anodes tends to replace that additional amount of silver lost by 
drag-out. The exceptions are: the use of insoluble anodes (steel) in 
the deposition of silver imrely for the reclamation of the metal; and 
the use of insoluble anodes togethei' with silver anodes in some silver 
strike solutions, where, owing to the low cathode current efficiency, 
the silver content of the bath will increase exc(‘ssiv(^ly if silver anodes 
alone are used. The satisfactory insoluble anodes include low carbon 
steel, platinum, carbon, and stainless steel if used at low anode cur- 
rent densities, the choice depending u])on the particular application. 

The silver anodes should be 999.5+ fiiuj for best results and mini- 
mum trouble with ^‘black anodcs.^^ The almost universal anode shape 
or form is the rolled silver strip, cut to the consumer\s specified sizes. 
The general practice today is to give the silver strip a final high tem- 
perature anneal after rolling. Before a new anode is suspended in the 
plating tank, it is, in some ])lants, surface cleaned. However, as a rule 
this is not necessary. 

The 0.05% impurities in the silver anodes, which are the major 
cause of “black anodes,” arc described in the literature as chiefly 
lead,“‘^ iron, bismuth, manganese, tellurium, selenium, sulfur, and 
antimony. A premium grade of anode silver 999.9 fine in some cases 
is superior to the lower i)urity grades for plating, but it is rarely 
necessary in commercial installations, 

A contributory cause of “black anodes” is improper solution compo- 
sition. The desirability of having a relatively high concentration of 
free cyanide has been mentioned. The formation of “black anodes” 
can be caused by a high iron content in the plating solution. The liter- 
ature attributes the formation of “black anodes” to the presence 
of sulfide and thiocyanate in the bath. 

In general, bagging of the anodes should be used wherever feasible 
to minimize anode sludge from getting into the bath. 
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Anode Current Density 

Modern low curn^ni density practice in silver ])lating is to use an 
anode current density rarely exceeding 10 anip/sq ft. This corresponds 
roughly to a ratio of anoflc to cathode area of not less than 1:1. The 
addition of sodium or potassium cyanide reduces this i)olarization volt- 
age as does the removal of carbonate from solution. The presence of 
carbon disulfide in the bath has little effect on anodic polarization. 
Considerably higher current densities in bearing plating, in many cases 
as higli as 500 amp/sq ft, are made x)ossiblc by the addition of nitrate 
and hydroxide anions wdtiiout producing ^d)lack anodes.’^ 


TESTS OF DEPOSITS 

Probably because of the intrinsici value of silver metal, “si)ecifica- 
tion plating” was commonplace in silver plating long before plating 
standards were adopted in the i)lating industry as a whole. 


Flatware 


Flatware is generally silver plated on a basis equivalent to so many 
troy ounces of silver per gross of teaspoons. The usual weights of 
silver on spoons are : 


Federal specification plate 

Quadruple 

Triple plate 

Double plate 

Standard plate 

Half-plate 


280 g or 9 troy oz/gross of teaspoons 
250 g or 8 troy oz/gi oss of teaspoons 
187 g or () troy oz/gross of teaspoons 
124 g or 4 ti oy oz/gross ol teaspoons 
02 g or 2 troy oz/gross of teasxKxms 
31 g or 1 troy oz/gross of teaspoons 


Other items of flatware are plated with weights of silver in the same 
ratio to that of the teaspoon as the ratio of surface areas. So-called 
“fancy” or serving pieces arc sometimes plated at lower weights than 
are accompanying “staple” pieces, in view of the lighter use expected. 

Additional “spot-plates” or overlays are sometimes applied at one 
or more points of maximum wear, 47 g or troy oz/gross being the 
greatest weight, known to the author, to be added in this form. 


Cutlery 

Cutlery is plated on a basis equivalent to so many pennyweights 
of silver i)cr dozen solid-handle dinner knives, plated all over. The 
usual weights for cutlery are: 
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Hotel plate 31.1 g or 20 dwt/doz dinnci’ knives 

Federal specification plate 2C.4 g or 17 dwt/doz dinner knives 
Heavy plate g or 16 dwt/doz dinner knives 

Standard plate 18.7 g or 12 dwt/doz dinner knivf\s 

As in the case of flatware, smaller knives, and those on which only 
the handle is plated, are plated with weights in proportion to the area 
and silver weight for dinner knives. 


Hollow AVare 

Hollow ware silver jflaling is not so well standardized as are flat- 
ware plating and cutlery plating. A Federal specification exists,-^ and 
hotel hollow ware is handled with fair uniformity by the larger manu- 
facturers, but the commercial grades, including such items as tea sets, 
sandwich jflates, trays, candy dishes, lack even the nomenclature of 
standardization, except by the individual manufacturer. The follow- 
ing A^alues indicate the weights generally employed for hollow ware: 

Federal specification plate 20 dwt/sq ft (33.5 mg/s(i cm) 

Extra-heavy hotel plate 15 dwt/sq ft (25 . 1 mg/sc^ cm) 

Heavy plate 10 dwt/sq ft (16.8 mg/sq cm) 

Medium plate 6 dwt/sq ft (8.4 mg/sq cm) 

Light plate 2 dwt/s(i It (3.4 mg/sq cm) 

A deposit of silver weighing 20 dwt/sq ft (33.5 mg/s(i cm) has an 
average thickness of about 0.00125 in. (0.032 mm). This thickness is 
the basis for the Federal specification shown above, from which other 
thicknesses may be estimated. 


Thickness 

J^ecausc thickiu'ss of a silver deiiosit is most commonly specified in 
terms of weight, tests for thickness are usually made by strii)])ing the 
entire deposit. The piece is weighed before and after stripping, and 
the surface area determined to allow calculating the pennyweights of 
silver per s.quare foot (or milligrams per square centimeter). In the 
case of silver-plated steel or Britannia metal, the dej)Osit is stripped 
anodically in sodium cyanide solution. From nickel-silver, brass, or 
copper, the silver is dissolved in a mixture of 19 ]mrts of concentrated 
sulfuric acid to 1 part of concentrated nitric acid at a temperature of 
80°C. 

When a direct thickness measurement is required, the Mesle chord 
method is used; or the determination is made by preparing a cross 
section -of the plated article for observation and measurement under 
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the microscope. On steel, the magnetic method is applicable. The 
test, as described by Hammond/® favorably compares in ac- 
curacy with the microscope method and is more readily accomplished. 

Physical Properties 

Deposits are rarely tested for physical properties excei)t by the 
practical criticism of their finishability. A deposit which can be read- 
ily brought to a high luster by buffing is considered a good deposit, and 
conversely a deposit which requires undue effort in finishing is jioor. 



/ 6 - 

Tin 


Tin is useful for its resistance to corrosion and tarnish, for its non- 
toxic nature, and for its soldcrability, softness, and ductility; it owes 
most of its uses as a coating to one or more of these characteristics. 
As a coating on steel it is more noble than the basis metal and therefore 
does not offer sacrificial })rotection; but this situation is usually re- 
versed under the conditions obtaining inside a hermetically sealed '‘tin 
can.” The metal itself is quite tarnisli-resistant, and if deposits were 
thick enough to be substantially non-porous they would be corrosion- 
resistant. 

In the past most tin coatings were produced by hot-dipping, but 
electroplating has been gradually displacing the hot dip method since 
about 1930. The largest single use of tin coatings is in the tin plate 
industry: in this field electroplating had made no inroads at all until 
about 1942, but ten years later more than G5^r; of all tin plate made 
in the United States was electrotinned. 

The electrolytic method has gained its present preference over hot- 
dipping for a number of reasons, among which are: 

]. The development of satisfactory l)aths, both acid and alkaline. 
Early tin i)lating solutions were not comi)etitive with hot dipping be- 
cause they gave unsatisfactory deposits, were unstable, or both; but 
modern baths leave little to be desired in either respect. 

2. There are substantially no domestic sources of tin; thus U. S. 
Government restrictions on its use have been in almost continuous 
effect since the beginning of World War II.* Much thinner deposits 
can be produced electrolytically than by hot-dipping, and if the thinner 
coating will do the job it will result in economics in tin consumption. 
This factor, coupled wdth developments by the can industry which 
rendered the thinner coatings practically usable, is one of the major 
reasons for the phenomenal growth of the electrolytic tin plate in- 
dustry. 

3. Electroplating is often more economical than hot-dipping for 
reasons other than those discussed above. Coatings can be made 
more uniform, and no dross is formed. 

* These restrictions were removed while the book was in press. 
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4. Heavy coalings can be produced more satisfactorily by the elec- 
trolytic method. There is no actual upper limit to the thickness of 
coatings obtainable by electroplating; plates as thick as 0.005 in. or 
more are easily produced. 

5. Oddly shaped, recessed i)arts which arc hardly susceptible to hot 
tinning at all can be successfully electroplated. 

6. Electrojilating can be applied to some basis metals which cannot 
he hot-tinned, such as zinc and aluminum. 

Tn addition to its use in the tin plate industry, tin is employed as a 
coating on refrigerator evaporators, daii'y and other food-handling 
equipment, washing machine parts, builders^ hardware, radio and elec- 
tronic components, (‘lectrical lugs and connectors, copper wire, and pis- 
ton rings. Tin coatings on copper wire protect the wire from the 
sulfur in the insulation as well as provide solderability ; and electro- 
tinning is beginning to compete with hot-dipping in this field also. 
Another important use of electro-tin deposits is for bearing surfaces. 
Although tin itself is not one of the best bearing metals, it can be 
used for this purpose in a large number of cases and has the advantage 
of being easily applied. In this connection may be mentioned the 
tinning of automotive pistons for breaking-in iniryioses: the tin, may 
be applied by aqueous immersion (on aluminum alloy) or by electro- 
plating (on cast iron). Here the tin acting as a bearing surface pre- 
vents seizing and scoring of the cylinder walls. 

In addition to the foregoing applications, there is of course a large 
list of miscellaneous uses of tin coatings. AVJiether to consider tin as a 
coating in any particular application will depend on the balance be- 
tween its relatively high cost and lack of sacrificial protection on the 
one hand, and its non-toxicity, case of application, solderability, soft- 
ness and ductility, and tarnish resistance on the other. 

Electroplated tin coatings of appreciable thickness, from either acid 
or alkaline solutions, are not “bright."’ They can in many cases bo 
brightened after i)lating by melting the tin coating, an operation often 
called “reflowing,” which produces a finish practically- indistinguish- 
able from hot-dip. All electrolytic tin plate is thus reflqwcd as are 
some other plated articles. Although many methods (including in- 
duction, resistance, and radiant heating) of bringing the coating to~ the 
required temperature just over the melting point of tin (232 °C) are 
used in continuous strip processes like electrolytic tin plate manufac- 
ture, only one has been found practical for general plating: the use 
of hot oil or fat. The oil is generally a long chain fatty acid ester of 
glycerin such as palm oil, tallow, or partially hydrogenated oils from 
various sources. The oil should have a sufficiently high flash point for 
tlic temperature required, and some free fatty acid to act as a flux; 
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and the reflowing should be carried out as soon as possible after plating. 
Fol’ successful reflowing the tin coating should be neither too thick 
nor too thin; too thin a coating will not come out bright, and too thick 
a plate will tend to de-wot or gather up into beads. Average limits for 
successful brightening by this method arc 0.00005 to 0.0003 hi., al- 
though the size and shai)e of the work, nature of the basis metal, and 
other factors may modify these limits. Large flat areas have more 
tendency to de-wet than wires and rounded shapes. It should also be 
mentioned that the successful reflowing of tin deposits depends on a 
good plating job; unsound deposits that might '‘get by” if left in the 
as-plated condition will not reflow properly. 

Tin plating baths are of two general types, the alkaline stannate 
and the acid; each tyi)c is treated separately in the discussions wdiich 
follow. The authors present the princijial arguments in favor of their 
resiiective subjects; it need only be added that the acid baths have 
found greatest favor in applications where high deposition rate and 
economy in ]iower cost are paramount, while the stannate solutions 
ai’e the choice in general job plating and wherever the greatest degree 
of throwing power and ease of operation arc attractive. Both types 
of solutions, as well as all specific examples of each type, have tlieir 
advantages and disadvantages: there is no one "best” tin plating bath. 

Jn addition to electroplating and hot-dijiping, tin can bo ajiplied to 
many metals by immersion processes requiring no current. Such 
methods have their special applications and are considered sepa- 
rately later in the chapter. Finally, the electroplating of tin alloys 
has within the past few years receiveil much attention, especially 
through the work of the Tin Research Institute of England, and a 
s('parate discussion is devoted to this subject. 


STANNATE TIN 

Khkd Bauch* and F. F. OiM.iNUKut 


IIISTORK^AL DATA 

Methods for the electrodeposition of tin from either acid sulfate or 
alkaline solutions have been known for many years. Morewood and 

Frigidairc Division, Oonoml Motors Corp., Dayton, Ohio. 
tLate of E. L du Pont dc Nemours & Co., Inc., Wilmington, Del. 
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Rogers,^'* 1843, arc among the earliest tin platers. In 1850 Roseleur - 
was granted a patent for depositing tin from solutions containing tin 
crystals (SnCl 2 -21120) and sodium pyrophosphate. In 1871 De 
Lohstein obtained a patent on a solution containing caustic soda, 
potassium cyanide, and tin crystals. Two years later Feam ^ was 
granted a British patent on a solution prepared from tartaric acid, 
I)otassium hydroxide, and fused stannous chloride. 

The 1893 edition of the Langbein-Brannt book gave a number of 
formulas and references having to do mainly with baths made up from 
stannnous chloride and potassium hydroxide. Sometimes small 
amounts of potassium cyanide were added. Stannous ammonium 
chloride was added at other times. Very little ])rogress was made for 
thirty years. Tlie 1924 edition of the Langbein-Brannt book quotes 
almost the same formulas, except that in one case a more highly (con- 
centrated solution was recommended for operation at high temperature. 

The whole subject of the elec^trodeposition of tin was revic^wed by 
Kern.® Mathers and Cockriiin ^ published I'esults on the effect of 
various addition agents and later testc^d solutions mentioned by K(crn. 
Tlu‘y concluded that alkaline baths were difficult to operate and offei'ed 
few commercial i)ossibilities. Most of the bath formulas recom- 
mended in the early references had little or no value for commercial 
])urpos(‘s. Oftc'n the baths were uneconomical, the anodes failed to 
dissolve, large amounts of sludge were formed, and, as a rule, the 
baths were short lived owing to the formation of spongy deposits (ex- 
cept in the case of flash coatings). Alkaline baths in particular were 
unsatisfactory on this account. 

No progress of aii)^ importance in alkaline tin plating was made 
until ab(3ut 1921, when sodium stannate was introduced to the plating 
trade. Before this, the little alkaline tin plating that was done was 
carried out in solutions ])repared from stannous chloride and caustic 
soda or potash with, frequently, an addition agent. 

Mathers and Bell ^ showed that satisfactory dcq)osits could not be 
obtained from the following bath: stannous chloride, 8 oz/gal; caustic- 
soda, 8 oz/gal; addition agent, 0.13 oz/gal, because of the oxidation of 
sodium stannite which could not be prevented; nor could the stannate 
formed be reduced back to stannite. As was pointed out by Foerster,^ 
most investigators failed to recognize that strongly alkaline solutions 
of sodium stannite revert to stannate and sponge tin spontaneously. 
This accenmts for the early failures to obtain consistent results with 
the alkaline tin baths. Furthermore, no one recognized that the pres- 

* References for this portion of the chapter will be found on pages 409 and 410. 
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ence of small amounts of stannite in the stannate bath was very 
harmful. 

Proctor^*’ and Frame recommended the following bath: sodium 
stannate, 28 oz/gal; hydrated tin oxide, 2 oz/gal; potassium resinate, 
0.25 oz/gal; powdered white starch, 0.13 oz/gal; bath temperature, 
70° to 80°C. This bath, with modifications, was used commercially 
on a large scale; however, the lack of knowledge of anode reactions 
left much to be desired. Spongy deposits were frequently formed, and 
the precipitation of insoluble tin salts made tlie bath expensive to 
operate. Throwing power was sometimes very poor; it was generally 
improved by the addition of small amounts of stannous chloride, 
which also reduced the caustic soda content. Anode polarization was 
sometimes corrected through the use of steel anodes, which also fre- 
(picntly corrected the formation of spongy deposits, although the rea- 
son was not known at that time. Today, we believe it is the oxygen 
given olT at the steel anodes that oxidizes stannite to stanjiate, thereby 
eliminating spongy deposits. Nevertheless, commercially satisfactory 
results were obtained with the Proctor-Fraine bath, and credit must 
be given to Maeder for having pioneered in oi)erating the first large- 
sized alkaline stannate solution under mass production conditions. 

The major expansion of tin plating from the stannate bath was real- 
ized when Wernlund and Oplingcr discovered that spongy tin 
deposits could be prevented by using a low concentration solution of 
caustic; soda and stannate with sodium acetate and hydrogen j^eroxide. 
Smooth, white tin deposits of substantial thicknesses could thus be pro- 
duced from baths varying in sodium stannate c;ontent from about 7 
to 20 oz/gal, ])rovided that the caustic soda was kept suhiciently hjw, 
0.5 to 2 oz/gal, and the anode current density and tcuniieratui'C were 
properly controlled. It was shown that the important improvement 
was the use of a high enough anode current density, together with a low 
enough free alkali content, so that the anodes filmed over with a 
greenish yellow film diu’ing operation. When this takes ))lace, the 
anodes remain “clean^’ and all the tin is dissolved as stannate. This 
imi)ortant effect occurs at as low as 5 anip/sq ft if the caustic soda 
is very low, or at 10 to 40 amp/sq ft, when the caustic soda is raised 
to about 1 to 2 oz/gal in a solution containing 10 to 20 oz/gal of 
sodium stannate. 

The modem alkaline stannate bath, the development of which has 
been briefly traced, suffers from none of the serious defects of its pred- 
ecessors. Once the basic principles of its operation have been mas- 
tered, it is a remarkably easy bath to control and maintain and is 
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particularly outstanding in its tolerance for impurities and its opera- 
bility over a wide range of compositions and operating conditions. Ex- 
cept for the unusual anode reactions, nothing about the bath is critical, 
and, although there are of course optimum conditions, the bath will 
still operate even though many of these conditions are not met. No 
addition agents of any kind are required. The excellent throwing 
power of the alkaline stannatc bath has become virtually a criterion 
of performance in the plating industry. 

The principal limitation of the sodium stannate plus hydroxide sys- 
tem has been its lack of good cathode efficiency at high current densi- 
ties; i.c., the relatively slow rate of elcctrotinning in this solution. 
Operation at higher current densities, in the attem])t to increase the 
speed of tin deposition, is not successful because of the rapid dro]) in 
cathode efficiency.^ ^ Many bath (“ompositions have been investigated 
without ajipreciably increasing the useful current density range.^"’ 

Another limitation is the relatively low solubility of sodium stan- 
nate, lowered further by the presence of sodium hydi’oxide and by the 
decrease in the solubility of sodium stannate with a rise in tempera- 
ture of the bath. Sternfcls and Lowenheim recognized that potas- 
sium stannate is more soluble than sodium stannate and that the solu- 

0 

bility increases with an increase in temperature of the solution. They 
have shown that, in the ju'cscncc of 1 mole of alkali per liter (5.3 
oz/gal sodium hydroxide or 7.5 oz/gal potassium hydroxide) at 90°C, 
the sodium solution can contain 13.3 oz/gal of tin, while the potassium 
solution can contain 45.4 oz/gal. Thus the potassium system offers 
a wider range of useful compositions, and many of the limitations of 
the sodium stannatc bath arc overcome. 

The following discussion will of necessity consist of two separate 
parts: one dealing with the conventional sodium stannate ])lus sodium 
hydroxide system, and the other dealing with the potassium stannate 
])his i)otassium hydroxide system. 

THE SODIUM STANNATE BATH ■ 

The sodium stannatc baths arc used for depositing tin on many 
types of small articles, as w^ell as on large equipment, with thicknesses 
of deposit ranging mainly from 0.0001 to 0.003 in The principal ad- 
vantage of this bath is that its application is almost unlimited so far 
as size and shape of article and type of basis metal are concerned. 
Another major advantage is its imacticability. Once the basic prin- 
ciples are understood, the bath can easily be operated without diffi- 
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culty. When specification plating is required, means of control are 
readily available from a number of sources. 

The main disadvantage of the sodium staimate bath is the slow 
rate of deposition due to low cathode current efficiency. Generally, 
the cathode efficiency in still plating at 15 to 30 amp/sq ft does not 
exceed 60 to 90%, based on stannic tin. Kates of tin deposition in 
barrel plating are slower than for deposition of other metals, such as 
copper or cadmium, from cyanide solution. 

Another, but minor, difficulty encountered with the sodium stannatc 
bath is the tendency toward the formation of insoluble tin salts. This 
results from hydrolysis and absorption of carbon dioxide from the air 
whenever the alkalinity of the bath is too low. Insoluble tin salts 
may also form when hard water is used. When available, soft, distilled 
or de-ionized water should be used to maintain bath levels, and the 
caustic content should be kept high enough so that carbon dioxide 
absorption from tlie air does not cause undue precipitation of insoluble 
tin salts. Bright, lustrous tin deposits have not yet been produced 
from alkaline baths. 

Functions of (bNSTiTUENTS of Bath 

SODIUM STANNATE, Na2Sn(OH)o 

The sodium stannatc is the reservoir for tin which is deposited at 
the cathode. Maximum cathode current efficiency is obtained only 
when the tin concentration is 6.0 to 8.0 oz/gal, corresponding to 
sodium stannatc concentration of 15.0 to 20 oz/gal. The sodium stan- 
natc' of commerce is manufactured from scrap tin jilate. Normally, 
the tin content of the commercial salt is 40 to 42% (theoretical is 
44.5%). 

SODIUM HYDROXIDE, NaOH 

Sodiuni hydroxide not only improves conductivity but is absolutely 
necessary to obtain balanced anode corrosion. With too little caustic 
soda the tin anodes become coated with a film that interferes with 
])roj)er anode dissolution. In consequence, the tin in the bath soon 
becomes depleted. On the other hand, an excess of caustic soda must 
be avoided because it increases the critical anode current density. It 
also tends to repress the hydrolysis of the stannatc and to accept 
atmospheric carbon dioxide, which would otherwise decompose the 
stannatc. Careful control of the caustic soda content is imiierativc 
(1.0 to 3.0 oz/gal) . 
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SODIUM ACETATE 

The function of sodium acetate was formerly considered quite simi- 
lar to that of boric acid in a nickel plating solution; but later investi- 
gation showed that it is not necessary, and satisfactory results are ob- 
tained without it.^^ 

HYDROGEN PEROXIDE 

This oxidizing agent is added in small amounts, when necessary, to 
oxidize any stannite formed when the anode current density has been 
too low. Stannite in appr(‘(uable amounts causes spongy and unsatis- 
factory deposits. 

ADDITION A(;ENTS 

As a rule, they ai’c not used. Sodivm rcsinale in small amounts ap- 
pears to have some value as a foaming ageni. A small amount of foam 
on the top of the bath is valuable in preventing contamination of the 
surrounding atmosi)here with spray from the electrodes. 

Sodium olcate may also be used as a foaming agent. 

Sodiuui carbonate. During operation of the bath, sodium carbonate 
is formed through the absorption of carbon dioxide from the air. The 
effect of sodium carbonate in sodium stannate baths has been studied. 
No detrimental effects on anode and cathode efficiencies were detected, 
and the throwing power of the bath improved somewhat in its presence. 
No sodium carbonate, however, is actually added to the bath. 


Operating Conditions and Characteristics 

CURRENT DENSITY RANGE 

As will be shown in a separate paragraph, the initial anode current 
density must be equal to or greater than the critical anode current 
density. The operating current density range is fairly wide, but it 
is limited by the anode and cathode efficiency balance and by the mini- 
mum and maximum current densities. Below the ininimum current 
density, the anode dissolves as stannite, which is undesirable. Above 
the maximum current density, the anode becomes coated with a black 
insoluble film. The optimum current density varies with the composi- 
tion and temperature of the solution. For average operating conditions 
the anode current density is between 10 and 40 amp/sq ft. 

The cathode current density range is very wide, but the cathode 
efficiency drops rapidly with a high cathode current density. The 
optimum cathode current density range is between 10 and 25 amp/sq ft. 
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Very little is gained by using current, densities higher than 60 
anlp/sq ft because the cathode efficiency drops rapidly. 

THE TEMPERATURE RANGE 

To obtain a higli cathode current efficiency and a smooth, sound de- 
posit, elevated temperatures are desirable. The optimum temperature 
range is between 60'" and 80^C. 


THE FREE CAUSTIC RANGE 

The concentration range for free caustic is also fairly wide, but for 
l^ractical purposes the range is between 1.5 and 3.0 oz/gal of sodium 
hydroxide. 

CURRENT EFFICIENCIES, THROWING POWER, AND COVERING POWER 

The anode current efficiency varies with the composition of the plat- 
ing bath, the temperature, and the current density. For average 
oiierating conditions, it will be between 60 and 90% (on the basis of 
(juadrivalent tin) The anode efficiency increases with the free caustic 
content. 

The c.atliode cuiTcnt efficiency is affected by the same factors as the 
anode efficiency and m a similar manrun*, except that an increase in free 
c.austio lowers the cathode efficiency. It will be between 60 and 
90% (as quadrivalent tin) for average conditions. 

The throwing power of the sodium stannate solutions is excellent. 
It decreases somewhat with increase in current density and improves 
with increase in concentration of metal, free caustic, and sodium 
carbonate. 

CONDUCTIVITY AND POLARIZATION 

These factors will vary for each solution, and no coordinatesd data 
are available. As a rule, a 6-v source of current is satisfactory for 
still plating, as the potential drop across tlu; plating bath is normally 
approximately 4 v. Barrel jilating normally requires a 12-v current 
source. 


SOLUTION COMPOSITION 

For a conventional bath, compositions are as follows: 


Till 

Caustic Soda, NaOH 


For Still Plating 
oz/gal g/1 

6 . 0 - 8.0 45 . 0 - 60.0 

1 . 5 - 3.0 11 . 0 - 22.0 


For Barrel Plating 
oz/gal g/1 

6 . 0 - 10.0 45 . 0 - 75.0 

2 . 0 - 4.0 15 . 0 - 80.0 
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Maintenance and Control 


FILTRATION 

Filtration of tin plating solutions is quite difficult, but generally 
unnccessaiy. 

PURIFICATION 

By Settling and Decantation. The insoluble sludge which is formed 
in the stannate tin bath during its operation settles ra])idly to the bot-| 
tom of the tank and causes no harmful effects unless the solution is\ 
agitated. Occasional decantation into another tank, removing sludge 
and pumping the clear solution liack into the cleaned tank is the most 
common and satisfactory method. 

PHYSICAL CONTROL OF THE BATH 

Very useful information for the control of the tin plating solution 
is readily obtainable, especially when operating large plating ma- 
chines. Plating tests are used to determine and check critical current 
density, anode and cathode efficiency, current distribution, and throw- 
ing power. The actual i)lating solution is used in a small suitable 
container at specified anode and cathode current densities, and the 
appearance and quality of tin plate obtained arc noted. 

ANALYTICAL METHODS 

Tin Concentration {Stannate Content) . Volumetric Method. Suit- 
able methods are based on the reduction of stannic to stannous 
chloride, followed by titration with standard iodine solution. lodatc 
has been found by many workers to be better than iodine as it is more 
stable. 

Reagents required: (a) Standard potassium iodate solution (ap- 
proximately 0.1 A^). For each liter of 0.1 N solution required dissolve 
3.6 g of i)()tassium iodate in 200 ml of water containing 1 g of sodium 
hydroxide and 10 g of potassium iodide. When soliRion is complete, 
dilute to 1 liter. 

(h) Starch solution (10 g/1). For each 100 ml of starch solution 
required, make a paste of 1 g of soluble starch in about 5 ml of water 
and add this to 100 ml of boiling water. Boil for about 5 min or until 
the< solution is clear, (lool before using, and prepare fresh every day. 

* In many ca.'^c's rocov^cry of the Im values in the sludge by sale to a smeltci 
should be considered. 
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(c) Nickel coil. Roll into a loose coil a piece of nickel sheet 6 by 3 
l)y 0.015 in. Before usinp; the first time, clean in petrolcmn ether 
and hydrochloric acid. Thereafter, clean in hydrochloric acid each 
time before using. 

To standardize the jiotassium iodate solution, i)lace three samj)lcs of 
pure tin, each weighing 0.20 to 0.25 g, in 500-nil Erlenmeyer flasks 
and add 75 rnl of hydrochloric acid and 3 droj'Js of antimony chloride 
(1%) to each. Upon complete solution of the tin, add 250 ml of water 
and a nickel coil. Stopper the flask with a one-hole rubber stopiier 
fitted with a Yi-m. glass tube outlet which is bent to be immersed 
later into a beaker containing a saturated solution of sodium bicarbon- 
ate. The sodium bicarbonate should be dissolved in hot water in order 
that the resulting decomposition can flisplace with carbon dioxide any 
air present in the water. Place the stoj’iiiei-ed flask on the hot plate 
and boil gently for 1 hr. Immerse the outlet tube in the sodium bi- 
carbonate solution, taking care that no air is allowed to enter, place 
the flask in a cooling tank, and allow it to cool to room temperature 
or lower. Remove the stop])er, quickly add a few pieces of granular 
mai'ble or dry ice and 5 ml of starcli solution and titrate with the 
solution to be standardized. 

Sampling. The volume of samjile to be taken depends on the ap- 
pj‘oxmiate con(‘entration of the solution. For a solution analyzing 
about 12 to 13 oz/gal of i)otassiuni or sodium stannate (ajiproximately 
5 oz/gal of tin) and about 2.5 oz/gal of free potassium hydroxide, 
100 ml of sample aiv- taken. If the tin is 10 oz/gal (or about 25 
oz/gal potassium or sodium stannate), 50 ml of sample are taken, etc. 

The sample is jiipetted into a 500-ml volumetric flask and made 
up to the mark. Aliquots are taken for the various determinations. 

Determination of tin. Transfer a 25-ml aliquot to a 500-ml Erlen- 
meyer flask, add 75 ml of hydrochloric acid, and dilute to about 300 ml. 
Place a coil of nickel in the flask, and stopper it with a one-hole rubber 
sto])per fitted with a glass tube outlet by 6 in. Place the flask on the 
hot plate and boil gently for 1 hr; then place it in a cooling tank, connect 
ii with a ‘‘C.Om apparatus,^’ and cool to room temperature. The “COm 
apparatus” consists simply of a saturated solution of sodium bicar- 
bonate, which is connected to the flask so that the bicarbonate solu- 
tion is sucked into the flask as the solution cools, and carbon dioxide 
is generated in situ. When the solution has cooled, i*emove the stopper 
and add a few small pieces of marble quickly; add a few milliliters 
of starch solution and titrate the solution with standard iodine or 
]H)tassium iodate which has been standardized against pure tin. 
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Calculations. S — Tin equivalent of standard potassium iodate so- 
lution, in grams per milliliter^ T = milliliters of standard solution 
used in titration. Then, if a 100-ml sample is taken, 

oz/gal tin = ST X 26.7 

If a 50-ml sample is taken, 

oz/gal tin ^ ST X 63.4 

oz/gal potassium stamiate — oz/gal tin X 2.51 
oz/gal sodium stannate - oz/gal tin X 2.40 

For routine analysis the reduction with sodium hypophosphite is^ 
very suitable, especially in the modified form of pi'ocedure (see 
below). It involves reduction with sodium hypophosphitc'. in hydro- 
chloric acid solution in the presence of mercuric chloride as catalyst. 
The reduction and titration are (uirried out in an inert, atmosphere of 
carbon dioxide. 

Reagents required: (a) sodium hypo])hosi)hite, 5 g for each test 
sample; (b) hydrochloric acid, 50 ml concentrated hydrochloric acid + 
50 ml water; (c) mercuric chloride, saturated solution ; (d) citric acid, 
50 g to 100 ml water; (c) i)otassium iodide, 4:^r solution ; (/) starch in- 
dicator; ig) standard iodine solution, 0.1 N. 

The modified method to avoid external supply of carbon dioxide 
follows: 

Apparatus. A 500-ml flask fitted with a one-hole stopixu’ carry- 
ing a glass tube drawn out to a jet at its outer end. 

Method. To a 5-ml sample of plating solution add 20 ml of hydro- 
chloric acid and a solution of 5 g of hypoi)hosphite dissolved in 80 ml 
hydrochloric acid; then add 1 ml of mercuric, chloride. Boil gently for 
10 min, and add 10 ml of potassium iodide solution, 50 ml citric acid, 
and 1 ml starch solutions. Then drop two small pieces of marble into 
the flask, replace the stopper with glass tube, and cool quickly under 
the tap. When cool, remove the glass tube, insert burette, and titrate. 

To prevent appreciable oxidation, it is lU'cessary-fco avoid violent 
agitation during cooling and titrating. Results agree within 1 g/l, 
the modified method giving results 0.5 g/l too low. 

Calculation. 1 ml of 0.1 N iodine — 0.00593 g of tin — 1.19 g/l on a 
5-ml sample. 

Gravimetric Method. The following gravimetric method is fast 
and simple: Take a 10-ral sample of plating solution and add a few 
milliliters of concentrated nitric acid. Evaporate to dryness on a hot 
plate, add water and filter while hot, then wash the stannic acid thor- 
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ou^ghly with hot water. Dry, ignite, and heat to dull red heat, then 
weigh Ibe residue as stannic oxide (SnOo) ■ The weight of stannic 
oxide X 0.7876 = weight of metallic tin in the 10-ml sample. 

Free Caustic Soda Concentration. Reagents required: (a) 0.1 iV 
hydrochloric acid solution ; (6) 10% barium chloride solution; (c) 1% 
alcoholic solution of thymolphthalein indicator. 

Method. To a 5-ml sain])le, add 25 ml distilled water and 50 ml 
of the barium chloride solution. Shake thoroughly, allow to stand for 
15 min, add a few drops of the indicator, and titrate with vigorous 
shaking until the blue color is stalling to bo discharged. Add an- 
other drop of the indicator, and continue the titration. The endpoint 
is taken when the color changes from a definite blue to practically 
white. The endpoint is comparatively sharj) unless large amounts of 
sodium carbonate are present. Accuracy within 1 g/1 on a 5-inl 
sample is easily obtainable. 

Calculation. 1 ml of 0.1 N hydrochloric acid = 0.004 g caustic soda 
in the 5-ml sample. 

Another method for the delerminatioii of free caustic soda is to 
dilute a 5-ml sanqile, after 50 ml of the barium chloride solution has 
been added, to exactly 100 ml. Shake thoroughly, allow to settle, and 
pipette an aliquot for titration. 

Sodium (kirb()nat(‘. J.)etermination of this constituent is hardly 
ever necessary, except as a matter of information and record. 
Standard methods based on the evolution of carbon dioxide may be 
used for this test. Hepburn’s-^ method has been found satisfactory. 
If 710 acetate is ])resent, carbonate can be deterniined by difference. 
Determine the total alkali by dii*ect titi\ation; fi’ee alkali and tin as 
earlier described. 

Calculation. Total alkali — 0.674 X tin — free alkali -- alkali as 
carbonate. 

Bivalent Tin {Stannite Confent). Tliis deteiaiiination has very 
little practical value because the stannite content of the solution 
changes rapidly. 

Reagents needed; 20% hydrochloric acid solution; 0.1 A iodine 
solution. 

Method. Acidify a 25-ml sample of plating bath and titrate di- 
rectly with the standard iodine solution. 

Calculation. 1 ml of 0.1 N iodine solution ~ 0.00593 g of tin = 
0.2372 g/1 (on 25-ml sample). 

Although, as stated, the quantitative estimation of stannite is of 
questionable value, a qualitative test for its presence is often useful. 
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A suspension of bismuth hydroxide is prepared by dissolving g of 
bismuth oxide or carbonate in 100 ml of 25% hydrochloric acid. The 
solution is made just alkaline with sodium hydroxide and diluted to 
250 ml. To make the test, pour about 5 ml of the suspension (well 
shaken) through a 9-cm filter pa])er, and then pour 10 ml of the hot 
plating solution through the paper. If the precipitate on the paper 
docs not darken, stannitc is absent; blackening of the precipitate in- 
dicates the presence of major amounts of stannite, while a slight gray 
color shows that traces are present. Test papers, embodying the prin- 
ciples of this test, are available. 

MISCELLANEOUS NOTES ON CONTROL 

1. If present in excessive amounts, oxidizing agents tend to lower 
the cathode efficiency of the stannate bath. These agents should be 
added to the solution in diluted form. 

2. Chlorides are not harmful unless present in large amounts (over 
6.5 oz/gal). Then they cause a slow breakdown of the oxide film on 
the tin anodes. Chloride may also cause corrosion of the tank if it 
becomes anodic. 

3. Frequency of chemical control tests, (a) Free caustic soda; daily. 
(6) Sodium stannate; once a week at first, then once a month* (make 
periodic additions between tests), (c) Sodium carbonate; once in 3 
months or less frequently, depending upon conditions. 

4. Sometimes solutions are operated with insufiicient ventilation. In 
Lsuch cases, the evolution of hydrogen causes spray which may be- 
come very objectionable to persons woiking in the vicinity. Small 
quantities of sodium oleatc or other soluble soap may prevent this 
condition. 

5. It would presumably be of some advantage to have the i)lating 
tank lined with a non-conducting material to eliminate the possibility 
of the tank acting as anode or intermediate electrode, as well as the 
possibility of galvanic cell action which would produce stannite. Since, 
however, very few lining materials arc suitable, most installations use 
unlined steel tanks. 

6. Organic addition agents are used occasionally but must be added 
with caution. Since they do not disperse readily throughout the bath, 
they may cause a patchy appearance of the deposits. There is also a 
tendency toward reduced cathode efficiency. 

7. Losses due to drag-out may be reduced considerably by a still 
rinse tank following the plating. This solution is used for replenish- 
ing the water of the plating bath. 
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8. On continuous plating machines, better results are obtained if 
the lo^ is constant. If the plating tank is not fiilly loaded, dummy 
cathodes of steel should be used on carriers to take up the missing 
load. These dummy cathodes become coated with tin and may be used 
later as anodes and thus deplated, 

9. The contacts between the anode bars and the anodes should be 
as perfect as possible. Connection by merely luinging on a hook is not 
satisfactory, unless the bars and tlu* anode hooks arc kept scrupulously 
clean. The anode hooks should be tightly threaded or soldered to as- 
sure adecjiiate contacts. Poor contacts on the anodes will cause stan- 
nite to be formed in the l)ath, resulting in imsat is factory de])osits. 


Anodes 


TYPES 

Generally anodes are of pure tin (but see jr 406 and Ref. 28). It is 
also possible to use insoluble anodes of steed or nick(d or other metals 
heavily nickel plated. In these cases, the tin metal content of the bath 
can be replenished by anodic regeneration in a sej^arate tank in order 
to prevent the gradual decrease in tin and gradual increase in free 
caustic.-^ The metal content may also be maintained by stannate 
additions, in conjunction with sufficient acetic acid to neutralize the 
free caustic formed as the tin deposits. 

ANODE CORltOSION CH.^ACTERISTJCS 

Tin can dissolve in the sodium stannate bath in either the bivalent 
(stannite) or cjuadrivalent (stannate) fonn. As stannite ions cause 
bulky, rough, and porous deposits, it is important that the anode dis- 
solve to form the stannate. Starting with a low potential across the 
bath, the current density will increase as the potential is increased until 
a certain value is reached. At low current density, the anode dissolves 
as stannite and becomes gray in appearance. When the ])otential and, 
hence, the anode current density are increased beyond a certain value, 
the voltage ‘ drop across the bath will suddenly increase without a 
corresponding increase in current density. This is the critical current 
density, and the sudden inci»:asc in j)otential may be used as an indica- 
tion that the critical current density has been reached. The tin then 
dissolves in the stannate fonn, and the anode becomes coated with the 
desired greenish yellow film. If the current is again raised above a cer- 
tain value, an excessive amount of oxygen is given off at the anode 
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and little or no tin is dissolved. The anode surface first becomes brown, 
and later is covered with a highly insoluble black oxide film ^ichT is 
objectionable and is difficult to remove, except with strong mineral 
acids. After the critical current density has been reached, the current 
may be lowered in a short time to the normal operating current density, 
in order to increase the anode efficiency so that the continuous dissolu- 
tion of tin as stannate is assured. The critical current density is not 
fixed, but varies directly with the free caustic- content and the tem- 
perature of the bath; it also increases sliglitly with the stannate con- 
centration, but is lowered by the presence of sodium carbonate. For 
a complete discussion, see Ref. 22. 

ANIONS ADDKD TO INDUCE CORROSION 

The hydroxyl anion is needed to induce anode corrosion, and its 
concentration is maintained by pro])er (‘ontrol of the free hydroxide 
content. 


Preparation of Basjs Metals 

For satisfactory tin deposits the surface should be cleaned and pre- 
pared as for any other electrodeposit. No special treatments are 
needed in preparing the articles to be tin plated. 


Tests of Deposits 


porosity 

Coatings of 0.00075 in. are considered satisfactory for a non-porous 
covering on steel. For cast iron, considerably thicker coatings arc 
needed, and 0.001 in. is considered a minimum. Lighter coatings are 
satisfactory on brass, bronze, or copper. Usually, tin coatings between 
0.0003 and 0.0005 in. are substantially non-porous. Tlie porosity is a 
function not only of the thickness of the plate, but also of the consti- 
tution and cleanliness of the basis metal surface, of the correctness of 
the plating bath, and of the bath temperature and current density used, 

accelerated corrosion tests 

Porosity Test for Timed Steel. Both the hot water test and the 
ferricyanide pajicr test are used. 

The hot water test consists in immersing the carefully degreased 
tin-plated article in hot distilled water at a temperature between 95° 
and 100°C. At the end of 6 hr of immersion, adherent rust spots will 
appear at any pores or discontinuities in the plated surface. 
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ferricyanide paper test a piece of filter paper saturated with 
feft’icj^nide solution is placed against the tin-plated surface, estab- 
lishing as close a contact as possible by means of a soft brush damp- 
ened with the reagent. Since the paper will tend to become dry, it 
should be brushed into place at intervals and kept moist. The dark 
blue spots that appear at defective points in the tin plate arc best 
observed with a low power lens after a ruled glass sheet has been super- 
imposed over the paper, after it has been removed from the plated 
specimen. 

Porositij Test for Tin on Brass, Copper, or Bronze. In the am- 
monia fume test, the tin-plated specimen is placed on an inclined 
and cooled shelf in a closed box at room or elevated temperatures. 
On tlie bottom of this box is an open container with ammonium hy- 
droxide. The ammonia fumes will attack the basis metal through 
any pores or discontinuities in the plate. The specimen is considered 
non-]:»orous when no dark spots appear on the plate after approxi- 
mately 4 hr of exposure. 

Humidity Test, This test may also be used, but it is too slow for 
])ractical i)urposes. 

Salt Spray Test. This is the conventional test used for other de- 
posits, such as zinc on steel. 

THICKNESS TEST 

Most conventional thickness tests are also applicable to tin de- 
posits, with certain reservations due to the softness of the metal. 

A simple drop-test method for tin deposits on brass, copper, or 
bronze, using dilute (approx. 3 N) nitric acid solution, has been de- 
veloped by the Manufacturing Research Laboratory of the Frigidaire 
Division of General Motors. Since the values vary with the various 
tin plating solutions and methods used, it is best to calibrate this drop 
test by microscopic or chemical evaluation. Results of the drop test 
also vary with the temperature of the sample and with the test solu- 
tion used. 

An instrument involving deplating of the specimen, with automatic 
endpoint indication, is available.* 

PHYSICAL CHARACTERISTICS 

The sodium stannate solutions give matte-white, smooth, well-ad- 
herent, and dense deposits. The microstructure varies with the tem- 
perature and cathode current density. The Brinell hardness, meas- 
ured with a 5 -mm diameter ball and 25 kg weight, is between 8 and 9. 

*Kocour Co., Chicago, III 
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THE’ POTASSIUM ST ANNATE BATH * 

The i)C)tassium stannaie bath does not have some of the limitations 
of the sodium stannate bath. Sternfels and T.owenheim showed 
that potassium solutions arc more stable, especially at higher tempera- 
tures. This has been verified in commercial application in strip steel 
elcctrotinning lines, where less than 1% of tin was found to have 
precipitated as sludge in a 20,000-gal solution over a 2-month period 
of operation. 

Since the potassium ion has a higher mobility than the sodium 
potassium stannate solutions have also a greater conductivity than\ 
their sodium counterparts. An extensive investigation showed that 
potassium baths were more conductive tlian their stoichiomc^tric 
sodium equivalents^”'’^ This bath produces as well as the sodium 
stannate bath. Deposits of good quality are obtainable over a wide 
range of conditions. But the potassium bath has the same weakness 
as the sodium stannate bath in respect to formation of stannite if the 
anode current density is not projierly controlled. This tendency may be 
aggravated by higher temperatures, if proper safeguards are neglected. 
With excessive current densities, it also may be difficult to maintain 
the proper anode-to-cathode-area ratio so the bath will remain in a 
good operating balance Avithout excessive additions of chemicals. A 
recent improvement in anode composition is claimed to obviate this 
difficulty.^® 


Function of Constituents of the Bath 

POTASSIUM STANNATE, (OH) o 

Potassium stannate is the reseiwoir for the tin that is depositetl at 
the cathode. The higher the tin content of tlie solution (free alkali re- 
maining constant), the higher is the current density coinjiatihle Avitli 
good cathode efficiency. (See Figs. 1 and 2.) This effect is one of the 
principal keys to the superior cathode performance-of the iiotassiinn 
bath. Potassium stannate is rhombohedral and is isomorphous with 
sodium stannate."” Its properties and preparation are discussed by 
Zocher.^^ 

POTASSIUM HYDROXIDE, KOH 

Potassium hydroxide has the same function as caustic soda in the 
sodium stannate bath. Its careful control is imperative, as it affects 

* Most of tho information conrerniiiK tlu' potM.ssnim .stannalo liatli ]s based 
on the papers by Sternfels and Lowrnhnm.'^ 
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tlTfe^ii^gode behavior and is necessary for proper anode corrosion. In 
orcJer td maintain a liigh cathode efficiency, free potash must be as low 
as compatible with needed anode efficiency. 



Current density, amp/sq ft 

Fig. 1. Catlioclo officioiK'ios of potassium and sodium stannatci baths of conven- 
(ional concrntiatiun. Bath composition; tin, 5.5 oz/gal; free sodium hydroxide, 
1,25 oz/gal, or free polassiura hydroxide, 1.75 oz/gal. 



Current density, amp/sq ft 

Fig. 2. Effect of tin content on cathode efficiency of potassium st-annato baths 
at 90“ C. Tin content: curve I, 5.5 oz/gal; curve II, 10.6 oz/gal; curve III, 21.2 
oz/gal; curve IV, 38.7 oz/gal; free iiotassium hydroxide, 2 to 4 oz/gal. 


HYDROGEN PEROXIDE 

Hydrogen peroxide serves the same purpose as in the sodium stan- 
nate bath, i.c., to oxidize any stannite formed occasionally when the 
anode current density has been too low. 

PO'rASSITJM CARBONATE 

Carbonate is formed during operation of the bath ; its effect on anode 
and cathode efficiency has been found to be negligible within the range 
of the test (1.34 to 15 oz/gal potassium carbonate). 
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Operating Conditions and Characteristics 

CURRENT DENSITY RANGE 

Anode Current Density Range. The same considerations apply 
here as for tlic sodium stannate bath. For average conditions the 
current density is between 40 and 80 arap/sq ft. This is a relatively 
low current density if the cathode current density is high. With higher 
current densities tlie anode efficiency is much lower than the cathode 
efficiency, and it would be difficult in some cases to provide sufficient! 
anode ai‘ca, to operate the bath without excessive additions. 

Anothcj' considc;ration is the critical current density initially re- 
(piired to ‘Tilin'^ the anode. If the anode area is too great, the initial 
(jurrent surge will reciuire a current supply many times larger than the' 
current used for operation of tlu^ solution. An alloy anode luis re- 
cently been introduced which claims to obviate most of these diffi- 
culties and to bring the anode efficiencj^ more nearly into line Avith the 
cathode efficiency.^” 

The critical anode current density incn'ases witli an increase in 
free alkali of the bath in a similar manner to that for sodium stannate 
solutions, and it also increases with the temperature. An imy’ease in 
stannate concentration lowers the critical current density somewhat 
When the free alkali is only 1.84 oz/gal, this tendency is reversed and 
the critical current density increases with the stannate content. 

No specific data are available in regard to the effect of carbonate, 
but tests have shown it has virtually no effect upon the ojicrating char- 
acteristics of the bath. 

Cathode Current Density Range. This range is exceedingly wide, 
and high current efficiencies are obtainable even at a current density 
up to 800 amp/sq ft (see Figs. 1 and 2 for cathode current density 
ranges under various conditions and bath eom].)ositions) . 

THE TEMPERATURE RANGE 

To obtain high anode and cathode efficiencies elevated temperatures 
are essential. The optimum is 90°C. 

THE FREE ALKALI RANGE 

The free alkali range is also fairly wide, but for practical purposes 
it should be held between 2 and 6.7 oz/gal. 

CURRENT EFFICIENCIES, THROWING POWER, AND COVERING POWER 

Anode Current Efficiency. This varies with the composition of the 
bath and its temperature and with the current density used. The sub- 
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of potassium for sodium does not show the improvement in 
anode current efficiency comparable with that apparent at the cathode. 
For this reason the anode area must be sufficiently large to keep the 
current density as low as possible. 

Anode efficiency increases slightly with increased tin concentration. 

Cathode CwTent Efficiency. Although this efficiency is affected by 
tlie same factors and in a similar manner, an increase in free potassium 
hydroxide lowers the cathode efficiency. 

At 90 an efficiency of 80% or better may be obtained at a 
cathode current density of 800 amp/sq ft wlieii the tin content is very 
high. Even at 70''C the cathode efficiency does not fall to 80% unt.il 
a density t^f 180 am]vAs(i ft is reached. Tins certainly represents a new 
])henomenon in alkaline tin i)lating. 

Throymig Power. Throwing power is claimed to be good and com- 
parable to that of the sodium stannate bath. 

CONDUCTIVITY AND POLARIZATION 

These vary with the composition of the bath, but the conductivity 
of the i)otassiiim bath is about 25% higher than that of a similar 
sodium bath. 

SOLUTION COMPOSITION 

The composition of the potassium bath may vary greatly, depending 
on the desired characteristics. No attempt will be made to note any 
specific formula. 

The tin content may vary between 5.3 and 45.4 oz/gal, and the free 
potassium hydroxide between 2.0 and 19.0 oz/gal, depending on the 
characteristics desired. In this manner, it is possible to select a com- 
position suitable for nearly any requirement. Most practical installa- 
tions operate in the range (3 to 20 oz/gal tin and 1 to 4 oz/gal free 
])otassium hydroxide; operation outside these ranges is found only in 
special cases. 

Maintknanck and Control 

The same methods may be used as for the sodium stannate baths, 
the necessary corrections l)eing applied where needed to obtain correct 
values for the potassium bath. Sodium stannate discussions on anodes, 
on prejiaration of basis metals, and on tests of deposits also apply to 
potassium stannate solutions. 

When potassium is substituted for sodium in stoichiometrically 
equivalent quantities in a stannate plating solution, the following 
effects ai’e observed: 
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The conductivity increases by about 25%, the cathode effic^ticy 
is notably raised at higher current densities and the anode 'current 
efficiency decreases slightly but irregularly. 

The higher solubility of potassium stannale permits baths with 
higher free alkali to be operated at temperatures unattainable with cor- 
responding sodium stannate baths (see Fig. 3). This results in higher 



Fig. 3. SoIiibili(i(\s of potassium and sodium s( annates in water and alkali so- 
lutions. 

conductivity and cathode current efficiency as well as increased anode 
efficiency due to the increase in temperature. 

It is evident from the solubility curves of Fig. 3 that a new region 
of bath compositions exists for the potassium stannate-hydroxide solu- 
tions. Investigation showed that variations in bath composition and 
operating conditions have the following effect upon the plating char- 
acteristics of the bath: 

1. Increasing free alkali content raises the conductivity markedly 
and in general decreases the cathode current efficiency, but raises the 
anode efficiency and the critical anode current density. 

2. Increasing the tin content of the potassium stannate bath de- 
creases the conductivity and raises the cathode efficiency. The critical 
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current density decreases with increase in stannate, but in- 
creases* in a bath with very low free alkali content. 

All the plating variables under consideration are increased with an 
increase in temperature. 

From data available/^’- the potassium stannate plus potassium hy- 
droxide system is mainly of advant,agc for baths with higher efficiencies 
at current densities considered excessive for the conventional sodium 
st annate-sodium hydroxide bath. 

For this reason the poiassium stannate ].)lus potassium hydroxide 
system is particularly applical)le to processes where high plating speeds 
arc desirable, such as steel strip plating and automatic machines; it 
lias also been found advanlageous in many classes of barrel work in or- 
dinary job shop plating procedure. Its high-speed characteristics have 
been utilized to good advantage in a process for continuous plating of 
copper wire.^^ The choice between sodium and potassium is often a 
close one, and it depends on individual circumstances. 

Both the sodium stannate and the potassium stannate systems have 
a definite field of application. 



ACID TIN 

Paul R. Pinu* and A. H. Du Rose* 

The commercial develoj)ment of the acid tin bath started shortly be- 
fore World War I and expanded rapidly during the war and shortly 
after, owing to a demand for a method of obtaining pure metal from 
Bolivian tin ore. 

In 1909 a patent was granted to Hollis '’f which covered a solution 
which may be considered the forerunner of the modern acid tin bath. 

* Hai'shaw Chemical Co., Cleveland, Ohio. 

t References for this portion of the chapter will be found on pages 427 and 428 
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solution was an adaptation of the Betts lead process, intro- 
duced in 1902, to the electrorefining of tin. It w'as a fluosilicic acid 
bath with additions of glue or gelatin to give smooth deposits. 

In 1914 Mathers and Cockrum ^ investigated several acid baths. Of 
the chloride, fluoride, perchlorate, and fluoborate, the fluoborate in 
conjunction with clove oil gave the best deposits. In 1915 and 1916 
two patents were granted for the electrolytic refining of tin con- 
taminated by lead; the process consisted of adding free sulfuric acid 
to Hollis^ solution to ])recipitatc the dissolved lead and thus prevent its 
deposition. Whitehead "* in 1915 also recommended a bath containing 
6% tin, 15 to 20% fluosilicic acid, and 0.1% sulfuric acid. Mathers 
and Cockrum in 1916 were unable to obtain good deposits from mineral 
acid solutions, but realized that an addition agent might be found 
which would make possible a smooth deposit. In 1918 Kern" sug- 
gested the use of aloin or pe])tone in the fluosilicate bath. 

When sulfuric acid is used in the fluosilicate bath, excessive amounts 
cause loose, non-adherent deposits to form. In 1921 Mathers ^ 
patented the use of cresylic acid in a bath containing sulfuric acid. 
This had the effect of allowing the presence of a highei* comaaitra- 
tion of sulfuric acid without the detrimental effect of producing tree- 
like deposits, and also allowed for the use of less tin in the solution. 
A suggested solution composition is Sn 2%, Hi*S 04 5%, HoSiFo 5.57c, 
cresylic acid 0.37o. This valuable contribution was followed by a 
slightly different type of bath when Schlotter “ was granted patents 
covering a bath containing stannous chloride, hydrochloric acid, gela- 
tin, and phenol. In 1922 a bath containing potassium fluoride, hy- 
drofluoric acid, and stannous fluoride was patented by Scliulte.^^’ 
Licorice root, molasses, and glue were mentioned as addition agents. 
Some trouble had evidently been encountered with anode polarization 
a,t higher anode current densities, for in 1924 a patent was granted 
covering the \ise of halogen compounds in the acid bath to aid in 
anode corrosion. 

After World War I the trend of electrorefining of tin was turning 
rapidly toward the use of less fluosilicate, largely as a result of in- 
vestigations of Fink,^“ Stack,^** and Alexander.^** By 1923, when elec- 
trorefining of tin practicalb^ ceased in the United States, the fluosili- 
cate had been entirely eliminated. An average composition at this 
time consisted of 4 oz/gal of tin, 11 oz/gal of sulfuric acid, 5 oz/gal 
of cresol sulfonic acid with frequent additions of glue and cvesol 
during electrolysis. 

Attention now turned from refining of tin and production of heavy 
deposits to producing deposits for corrosion resistance or appearance. 
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In 1923 two patents were issued, to Simpkins^® and to Finkj^VpcrT 
taining to addition ‘agents and salts for the sulfate bath. Simpkins^ 
patent covered the use of jS-naphthol along with a colloid, and Fink’s 
coA^ered several colloidal or near-colloidal substances, such as aloin 
and tannic acid, and the use of sulfates of magnesium, iron, titanium, 
and aluminum. It was claimed that these sulfates improved the 
anode corrosion. In 1925 Mathers disclosed what was in effect an 
application to electroplating of his work on electrorefining; the bath 
contained stannous sulfate, sulfuric acid, cresylic acid, and glue. 

In the 1930’s several patents were issued to Schlotter in whicl 
a number of addition agents were mentioned, such as sulfonates, \ 
phenols, higher alcohols, and one bath containing tin naphthalene- 
tetrasulfonate and water. In 1935 Pine patented addition agents 
prepared by condensing cresol with glue, aloin, and aldehydes. In- 
stead of using glue or gelatin, Cam])bell proposed sulfuric-acid- 
treated wool m conjunction with cresol or its sulfonate. In 1937 
Nachtman patented a method for plating continuous strip basis 
metal, suggesting several addition agents for use in the sulfate bath, 
like sulfonates and hydroxy acids sucli as succinic acid. A British 
patent was issued in 1938 in which addition agents such as mono-, 
di-, and triphenols, aminophenols, anthrol, anthranol, phenanthrol, 
and hydroxy anthraquinone are mentioned. 

Hothersall and Bradshaw have described procedures using vari- 
ous combinations of addition agents including cresolsulfonic acid, 
j3-naphthol, lysalbic acid (from egg albumen), resorcdnol, and p-iso- 
amylphenol. In more recent years patents have been issued covering 
new addition agents for the acid tin bath such as pyroligneous acid,^^ 
alcohol sulfates as wetting agents, siilfones of phenols o-cyclo- 
hexylphenol, o-phenylphenol and nicotine,-^ dispersed phenolic 
resins,^® sulfoxides as bis-(p-hydroxyphenyl)sulfoxide,^° dihydroxy- 
diphenyl sulfone, monobutylphenyl phenol sulfonate, diphenyl-p- 
phenyl diamine. Mathers and Discher give results using sorghum, 
Tergitol-4, Guinea Green, and /?-hydroxyethyl-?/i-tc4uidine. 

In addition to the sulfate bath, recent literature and patents have 
discussed the fluoborate baths,-^^ stannic chloride solutions, and 
oxalate solutions.^” The complex oxalate bath seems to be limited 
by a low permissible current density. 

Probably the largest single advancement in recent years has been 
the du Pont “Halogen” tin process,^'^"'^^ which has made possible ex- 
tremely rapid deposition of tin on strip steel. We may expect to a 
certain extent the continued and expanding use of fluoborate solu- 
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^ions^for tin and tin alloys. Solder lias been made commercially for 
*11 'number of years by codeposition. The fluoborate solutions permit 
higher tin concentrations and higher current densities than the sulfate 
bath. 

PRINCIPLES 

Of all the types of tin baths proposed there arc only three which 
are now widely used. These are referred to as the alkaline stannatc 
bath, the acid bath, and the “Halogen’' bath. The acid radical of the 
acid bath may be either sulfate or fluoborate, and the general prin- 
ciples which follow refer to both of these modifications. Organic 
addition agents arc required in the acid bath, but this should not be 
considered a disadvantage if the addition agents are controllable as 
to composition, performance, and concentration. The ultimate use of 
the deposit should be considered since some addition agents cause 
deposits which are difficult to flow-brighten and solder.^*^ 

Although the acid baths are inferior to the alkaline with respect 
to throwing power, they are very good when compared with many 
other acid electrolytes. Acid tin baths are much more economical 
of power than the stannatc baths: their electrochemical equivalent 
of tin is double, the cathode efficiency usually higher, and the voltage 
appreciably lower. All these factors combine so that in favorable 
cases the power yield of the acid solution may be as much as 10 times 
as high as of the stannate. Speed of plating in the acid electrolyte 
is also usually superior to that in the alkaline. 

THE SULFATE SOLUTION 

Functions of Constituents of the Bath 

Stannous sulfate is used almost universally to furnish the metal 
ions in the acid sulfate bath. In the United States the stannous sul- 
fate is generally added as such, but in Great Britain the tin is often 
introduced ty “anodic dissolution of tin in sulfuric acid solution, the 
cathodes being enclosed in porous pots.” 

Sulfuric acid and frequently alkali metal sulfates and sulfonates 
are used to obtain better conductivity. These also have another func- 
tion; the common ion effect suppresses the tin ion concentration — a 
common device in electroplating. By suppressing the tin ion concen- 
tration, there is less tendency to produce tree- like deposits and a 
smoother deposit results. 
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ADDITION AGENTS ^ ^ ' 

Without addition agents the acid tin bath could not be used. The 
commercial application might be said to depend as much on the addi- 
tion agent as on the tin in solution. Without addition agents the de- 



Eig. 1. Effect of addition agent in acid tin plating. Left^rom bath with no 
addition agent; right, from batli with addition agent. 

posit is loose, crystalline, and tree-like .(Fig. 1). The addition agent 
also has a tremendous effect on the throwing and covering power as 
shown in Table 1. From the theoretical standpoint there has been 
little of importance published on tin addition agents. Loshkarev and 
associates studied the effect of some compounds on the limiting 
current density, and Lainer the effect on cathode polarization. 
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Although there is some overlapping, compounds which when added 
^^5 the -acid bath cause smooth, matte, and sometimes bright deposits 
may be divided into the following classes: 

1. Colloids of low gold number or high protective value, such as 
glue, gelatin, and lysalbic acid. 

2. Ring compounds containing a hydroxyl group and relatively in- 
soluble side chains. The most common examples arc cresol and naph- 
thol, although the ring does not necessarily have to be aromatic since 
terpineol, isoborncol, and cyclohexanol arc effective. In cyclohexanol 
the additional hydrogens act as side chains. Although a- and /?-naph- 
thol are effective, a dihydroxy naphthalene with one hydroxyl group 
on each ring is relatively without effect. Likewise, 3-4-dihydroxy 
biphenyl is effective but symmctiical dihydroxy biphenyl is not. The 
phenols without side chains, such as phenol and resorcinol, are rela- 
tively ineffective. 

3. Secondary and tertiary amines such as dii)henylamine and di- 
butyl aniline. These represent an interesting class since the results, 
with a few exceptions, correlate very well with Mann’s theory of 
inhibitor action. For instance, dibutylaniine is much more effective 
than primary octyl- or dodecylaminc and 2-biphenylamine is much 
more effective than 4-biphenylamine. 

4. Non-ionic high molecular weight compounds containing ether 
linkages and certain ethoxy fats and amides. 

5. Sulfoxides such as dihydroxy diphenyl sulfoxides and pheno- 
xanthin monoxide. The sulfones seem to be relatively ineffective 
compared to sulfoxides. 

Examples of overlapping between these classes are cthoxyaraincs 
(classes 3 and 4) and diethyl-va-aminophenol (classes 2 and 3). 

These classes of compounds aj*e used to procure smooth deposits 
free from treeing. In addition, compounds are sometimes added for 
other purposes such as stabilizing and solubilizing the addition agents 
and as anti-oxidants for preventing oxidation and sludging of the 
tin, thereby keeping the solution clear. Some agents such as fluorides 
and tartrates, while keeping the solution clear and free of precipitated 
stannic compounds, do so by holding the stannic tin in solution and 
therefore are only effective for a certain length of time depending on 
the concentration of the agent. For actually preventing the oxidation 
of tin some of the well recognized anti-oxidants are effective. 
Catechol, resorcinol, naphthol, and some of the amines have been 
used for this puri)ose. Many of the addition agents used to suppress 
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tree formation are also anti-oxidants. Cresol sulfonic acid will act, 
as an anti-oxidant and also as a solubilizer for some of the addition’ 
agents. 

Since there are many types of addition agents, and since each 
must be added to the bath and subsequently operated under a spe- 
cific set of conditions peculiar to that addition agent, it is difficult to 
make any statement concerning the rate of loss from the bath. How- 
ever, several specific examples can be given. Hothersall and Brad- 
shaw report that an addition agent prepared by sulfonating j 
o-cresol was removed fairly rapidly on working: “after the passage! 
of 20 ampere-hours per liter, deposits from the best solutions had 
deteriorated markedly.” Another addition agent composed of j3-naph- 
thol and gelatin had to be replenished after passage of 250 amp-hr/1. 

It should be realized that under ordinary plating conditions the 
addition agent actually used up or occluded by the plate is negligible 
compared to that lost by drag-out (and hydrolysis in the case of glue 
or gelatin). Therefore the rate of loss from the plating bath will de- 
pend on the area and shape of the work plated. In one proprietary 
installation, it is necessary to add equal amounts of stannous sulfate 
and addition agents daily. Since the stannous sulfate is needed only 
to replenish that lost by drag-out, it is probable that the same is true 
of the addition agent. 

FORMULAS 

As in other plating baths, the concentration of the chief consti- 
tuents of the acid tin bath may vary greatly, depending upon the cur- 
rent density required and other specific conditions. Likewise, when 
the concentration of one constituent of the bath is changed, the con- 
centration of the other com])onents may be changed proportionately. 
However, the ordinary limits are as follows: stannous sulfate, 30 to 
90 g/1; sulfuric acid, 30 to 150 g/1; gelatin or glue, 0.5 to 10 g/1; 
cresol, 0.5 to 10 g/1; sulfonated cresol, 10 to 100 g/1; /?-naphthol, 0.5 
to 1 g/1; resorcinol, 20 g/1; Na2SO4-10H2O,^^ 50 ta-350 g/1; aloin,^^ 

1 to 3 g/1. Of course, as ])rcviously explained, a bath will ordinarily 
contain not more than three of the above listed addition agents. A 
typical example may be mentioned: stannous sulfate, 54 g/1; sulfuric 
acid, 100 g/1; cresol sulfonic acid, 100 g/1; )3-naphthol, 1 g/1; gelatin, 

2 g/1. For use at higher current density, the concentrations may all 
be increased proportionately, although increases in concentration of 
sulfuric acid and addition agent are more effective in permitting 
higher current densities. 
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Operating Conditions and Characteristics 

The acid sulfate tin bath is usually operated at cathode current 
densities of 10 to 40 amp/sq ft, depending on the concentration, the 
nature of the addition agent, and type of deposit desired. With agi- 
tation, and where only thin deposits are desired, 1000 to 2000 
amp/sq ft can be used. For ordinary work, cathode rod agitation 
is generally used, but even air agitation has been used without exces- 
sive oxidation of the tin in the sulfate bath. 

Tlie bath is ordinarily not heated except where the climate necessi- 
tates it. The best temperatures are between 20° and 30°C. There 
is a tendency for oxidation of stannous to stannic sulfate. This 
tendency is, of course, increased at the higher temperatures, and tem- 
peratures above about 40°C are definitely detrimental. Most addi- 
tion agents and addition salts used in the acid bath have the property 
of retarding this oxidation. 

Since the acidity of the acid tin bath is very high and since the 
concentration of sulfuric acid is not critical, the pH is not taken. 
For instance, a change in concentration of 10 inl/l of sulfuric acid in 
the acid tin bath is much less important than a change in concentra- 
tion of 1 ml/1 in a nickel bath. 

EFIHCIENCY, throwing POWER, AND COVERING POWER 

The efficiency of the acid tin bath is one of its chief advantages and 
has already been mentioned. The throwing power can vary widely, 
depending mostly on the addition agents used and on their concentra- 
tion. The throwing and covering power of a bath containing no addi- 
tion agent is very poor. When gelatin is added alone or when one 
of the aromatic addition agents is added alone, the throwing power 
and covering power increase; when both the colloid and the aromatic 
compound are added, there is a further increase in covering power. 
This is shown in Table 1, along with the throwing power of other 
common baths, including the alkaline stannate bath. The throwing 
power was determined in the Haring and Blum cell, with a linear 
ratio of 5, and results calculated by the British Standards Institute’s 
formula and the Haring and Blum formula. The covering power was 
determined by the method of the Tin Research Institute,®^ and is 
defined as the minimum current density for complete covering of a 
copper cathode in depositing 0.00005 in. of tin. Similar to other 
solutions, the initial throwing power can depend on the basis metal; 
this effect is shown in Table 2. Such short time measurements can- 
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not be accurate, but the results show a definite difference due to the^ 
basis metal. . ‘ ^ 

The results in Ta))les 1 and 2 should be interpreted with the limi- 
tations of the methods of measurement in mind; no thoroughly satis- 
factory quantitative measure of “throwing power^’ is available. 

Table 1 . The Throwing Power of the Acid Tin Bath as Compared with 
That of Other Baths 


No 

Bath CoiiipoBitioii 

Com; , 
K/1 

Temp , 

( ’urient 
Density, 
aini)/H(i ft 

Throwing 

H. & B. 

Power 

B S.I. 

Covering 
Power, 
amp/sq ft 

1 

SuS04 

50 

25 

20 

- 34 

-17.5 

40 


II 2 SO 4 

50 






2 

Same as 1 


25 

20 

47 

41 .5 

15-20 


plus gelatin 

2 


40 

40 

33 3 


3 

Same as 1 


25 

20 

20 

14.3 



l^lus uresol 

3 


40 

33 3 

20.3 


4 

Same aa 1 


25 

20 

47 

41.5 

25-30 


plus cresol 

6 






5 

Same aa I 


25 

20 

47 

41.5 

1-2 


plus crcsol 

6 







plus gelatin 

2 


40 

40 

33 3 


6 

Projirietary soln. 28 


25 

20 

47 

41 5 






40 

44 

38.0 


7 

NaaSnOa^HaO 

00 

GO 

20 

08 

74 



NaOH 

10 



1 




Na acetate 

15 



1 



8 

NiS04 -61-120 

250 

54 

20 

4 

2.5 



NiCh -61120 

37.5 







II 3 BO 3 

37.5 







pH 5.7 







9 

Same ah 8 


54 

20 

-0.2 

-3.7 



pH 3.0 







10 

Proprietary bright 








nickel 


54 

20 

0 

0 



3.0 







11 

CuCN 

22 5 

54 

20 

01 

02 



Free ON 

5 7 







Na2C0;, 

22 5 







pH 12.5 







12 

CuS 04 5 H 2 O 

200 

25 

20 

10 

0.7 



H 2 SO 4 

52.5 







CONDUCTIVITY 

The acid tin bath ranks among the highest conducting of metal 
plating solutions. Depending on the anode area, the voltage required 
at 10 amp/sq ft is approximately 0.6 v, and at 40 amp/sq ft it is 1.6 v. 
An increase or decrease in the anode-to-cathode spacing has very 
little effect on the voltage because of the high conductivity of the 
solution. The specific resistance for both the sulfate and the fluo- 
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Table 2. Initial Throwing Power on Various Basis Metals as 
’ Determined in the PIaring and Blum Cell 

SnS 04 6oz/gal 

H 2 SO 4 6 oz/ga,l 

Addition agent “ 6 oz/gal 

Temperature 70 °F 


Basis Metal 

Linear 

Ratio 

Current Density, 
amp/sq ft 

Time, 

SCO 

Throwing Power 

H. & B. 

B.S.I. 

Buffed Cu 

5 

20 

20 

54 

51 

Matte Cu 

5 

20 

20 

48 

43 

Bright Cu Plate 

5 

20 

20 

48 

43 

Semi-matte Cu 

5 

20 

20 

48 

43 

Semi-matte Cu 

2 

20 

20 

25 

33 

Steel 

r> 

20 

20 

28 

21 

Steel 

2 

20 

20 

20 

25 

Steel 

5 

10 

40 

16 

11 

Steel 

5 

30 

13.3 

38 

31 

Tin 

5 

20 

20 

40 

33 


borate bath for a tin content of 33 g/1 and acid content of about 60 g/1 
will approximate 4.0 to 4.5 ohm-cm. 

MAINTENANCE AND CONTROL 

For best results the solution should be filtered frciiuently, especially 
if the most corrosion resistant and porc-free deposits arc desired. It 
is common practice however to filter onl)^ two or three times a year, 
and for some applications this may be satisfactory. The suspended 
matter is largely stannic or basic stannic sulfate which is formed at 
the anode or by air oxidation. Suspended matter may also be 
formed from certain slightly soluble addition agents. 

PURIFICATION 

Since the acid tin bath ^an tolerate a large amount of contamina- 
tion, a purification step is rarely necessary. The usual metallic im- 
purities have practically no effect on the deposit, although a high 
copper contamination may accelerate oxidation of the stannous sul- 
fate. Zinc has no visible effect. Chlorides dull the luster of the de- 
posit and, if present in large amounts (say 15 to 20 g/1 sodium 
chloride) , may cause very crystalline deposits. 
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PHYSICAL CONTROL OF BATH 

• f 

While in many cases the bath can be controlled very accurately by 
chemical analysis, it is frequently advisable to run plating tests on the 
solution. When plating tests arc performed, attention is usually 
directed to three factors: (1) the general appearance of the deposit; 
(2) the maximum current density possible; and (3) the throwing 
power. The last may easily be determined qualitatively by use of a 
Hull cell or by plating a panel in a beaker of solution containing one 
anode and noting the time for complete coverage of the back of the | 
panel. Throwing and covering power are usually dependent upon 
the addition agent concentration. 

The Tin Research Institute states that the addition agent may 
be controlled simply by observing three factors: 

The Voltage of the Bath. This decreases as the addition agent con- 
centration decreases. Fresh quantities of addition agent should be 
introduced before the voltage has decreased by 0.2 v under the volt- 
age of the freshly prepared solutions. 

Surface Texture of the Tin Deposit. As the addition agent is con- 
sumed, the grain size of the deposit visibly increases. 

Covering Power. Decrease in addition agent results in poori?r cov- 
ering power. Fj-esh additions should be made as soon as a test iianel 
is not entirely covered after plating at 2 arap/sq ft for 12 min. 

ANALYTICAL METHODS 

All the constituents of the bath, including the addition agents, can 
be determined provided that the nature of the addition agents is 
known and a standard method is used. 

Stannous Sulfate. (1) Pipette a 10-ml sample into a 500-ml flask; 
(2) dilute to about 200 ml; (3) add 25 ml of 1:1 hydrochloric acid; 
(4) titrate with standard 0.1 N iodine solution, using starch indicator: 

ml X AT X 10.74 = g/1 SnS 04 

Stannic Sulfate. (1) Pipette 5 ml of sample into 500-ml sulfur 
flask with a side neck; (2) add 100 ml concentrated hydrochloric 
acid, 30 ml 50% sulfuric acid, 3 g of test lead and water , to a 
volume of 300 ml; (3) stopper the flask and boil for 40 min to 
reduce the stannic sulfate; (4) while still boiling, submerge the out- 
let tube into 150 ml of saturated sodium bicarbonate solution and re- 
move the flask from source of heat; (5) bicarbonate solution is sucked 
into the flask and thereby no air enters the flask while cooling; (6) 
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^N^yhen room temperature is reached, titrate immediately with iodine; 
\ iwice the reading minus that for stannous sulfate' leaves the amount 
of iodine required by stannic sulfate; 

ml xA^X 15.54 = g/1 Sn(SO ,)2 


ACIDITY 

The detcrminaiioii for acidity is somewhat complicated, owing to 
the presence of sulfonic acids and amino acids, and a distinction 
should bo made between total acid and free sulfuric acid. In a 
method reported by the Tin Research Institute the 'Total free acid” 
is determined by pi'ccipitating the tin salt with ethyl alcohol, diluting 
with water, and titrating with 1.0 N sodium liydroxidc, using methyl 
orange indicator. Tins reading represents acidity caused by sulfuric 
acid and sulfonic acids; it is recommended that a definite ratio of 
these be added to the bath when the titration is low. 

Free acidity may b(i determined directly by titrating with alkali in 
the presence of a large excess of neutral potassium oxalate with phenol 
red as an indicator. In this determination the change is gradual from 
yellow to pink or, if back titrating, from pink to yellow, so that a refer- 
ence standard should be used. Tlie cresol Ksulfonic acul can be cor- 
rected for after the cresol has been determined; then the free sulfuric 
acid may be calculated. 

Cresol, or phenols in general, may !)(' determined quite accurately 
by bromination under controlled and standardized conditions. 

Protein or nitrogen may be determined by the usual Kjeldahl 
method; the result may be calculated to glue or gelatin provided 
the source of glue or gelatin is kept constant. After a protein addi- 
tion agent has been in the solution for a long time it hydrolyzes to 
inactive amino acids. The active protein can be determined by 
analyzing for nitrogen before and after activated carbon treatment 
of aliquot samples. The more active protein is removed by carbon 
treatment. 

EQUIPMENT 

Lead-lined or, preferably, rubber-lined tanks are generally used, 
although for smaller work earthenware is satisfactory. (Lead equip- 
ment should not be used in fluoborate solutions.) Frequently air 
agitation is used; this requires that a perforated pipe be installed in 
the bottom of the tank. In addition, some method of heating may 
be required in wintertime. 
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ANODES 

Pure tin anodes are employed, and, unless the anode current ' 
density is above 25 amp/sq ft, no difficulty is encountered in anode 
corrosion. After some time of operation, the anodes become coated 
with a film of insoluble tin salts which, however, does not increase the 
bath voltage to any extent. This anode sludge may become detached, 
however, and may result in the solution becoming filled with sus- 
pended matter. If an excessive anod(^ currenl density is used, a dark, 
slimy film sometimes develops on the anode, and this film increases 
the sulfate bath voltage tremendously. The anode area should be al 
least double the cathode area, and the anode current density less than! 
25 amp/sq ft. A small amount of halogen acid will prevent anode \ 
polarization. As previously mentioned, alkali metal sulfates may 
also be used for this purpose. 

rKEPARATION OP BASIS METALS 

There is no special cleaning cycle required for tin plating, except 
possibly in the case of cast iron, and where special attention is focused 
on corrosion resistance. The ordinary alkaline cleaning followed by 
a rinse, acid dip, and rinse prior to plating is the usual cycle. With 
some cast irons it is necessary to give the parts a, strike in cyanide 
copper or alkaline tin prior to the acid tin. A frecpiently used method 
incorporates the strike with the cleaner. This cleaner strike may be 
composed of 4 oz/gal of sodium stannate, 1 to 2 oz/gal of caustic 
soda, together with 3 to 4 oz/gal of metasilicate, orthosilicate, sodium 
carbonate, etc. Hedges and Caulfield and co-workers have de- 
scribed the effect of vaiious pickling treatments on porosity. Accord- 
ing to Hedges, the porosity by the thiocyanate test may vary 30 to 1 
depending on the preliminary preparation of steel. With extreme 
care the sulfate bath produces less porous deposits, but the alkaline 
bath is less sensitive to preti’eatment. 

THE FLUOBORATE SOLUTION 

In recent years fluoborate baths have come into prominence. The 
application of the tin fluoborate bath is as yet not thoroughly explored, 
and the published information is meager. Compared to the 

sulfate bath, the advantages of the fluoborate bath may be said to 
be in less sludging and a higher limiting current density. Actually, 
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compared under similar conditions, the limiting current density 
^ of the fiuoborate bath is not much different from 'that of the sulfate 
bath. The higher limiting curreni: dcnsit}^ of the fluoborate bath re- 
sults from the higher tin and acid contents aA^ailable. As in the 
sulfate bath, addition agents are necessary to avoid spongy deposits.®'^ 


Table 3. Compositiom Ranges for the Tin Vluobouate Bath 


Till (added as tin fluoborate concentrate) 

Free fluoboric acid 

Free boric acid 

Temperature 

Current density 


5.4 1 1 oz/gal (40-80 g/l) 

5.4 26.7 oz/gal (40-200 g/l) 
1.3-3..3 oz/gal (10-25 g/l) 
20-40°C (68-104 °F) 

20-400 amp/sq ft 


Parkinson has described the operation and performance of three 
baths containing the same tin and acid contents and using the fol- 
lowing combination of addition agents: 

Gelatin, G g/l, plus /^^-naphthol, 1 g/l 
4,4'-I)ihy(lroxydiphcnylmethane, 0.6 g/l 
4,4'"T)ihydroxydiphcnylsulfone, 3 g/l 

His jireferred free aedd content is 150 to 200 g/l, which gives a slightly 
lowei’ limiting current density than 50 g/l of free acid but adds greatly 
to the stability of the bath. The acid content is not critical, and an 
{ipproximate analysis is obtained by titrating 10 ml of the undiluted 
solution with standard sodium hydroxide until a faint permanent 
precipitate of tin hydroxide forniKS. The fr(ic boric acid content is not 
critical and is replenished amply by the free boric acid contained in 
commercial concentrates of tin fluoborate and fluoboric acid. Par- 
kinson found that the anodes are ndatively free of sludging if the bath 
is low in fluosilicate. A higher fluosilicatc content will cause a 
voluminous anode sludge which is low in tin and high in silica. 

Silica-containing materials of construction should not be in contact 
with the solution. Rubber-lined or bituminous painted tanks are 
usually used. Parkinson recommends a Polythene lining and anode 
bags of Tcrylene (I.C.I. Ltd., Plastics Div.).* Silica-type filter aids 
should not be used, but washed cellulose-types have proved satis- 
factory. Other materials of construction which have given indications 
of being suitable are Karbate, tantalum, and special high alloy stain- 
less steels. 

’•'“Dacron’' and “Fiber V” are United States equivalents. 
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TESTS OF DEPOSITS * 


/" 


In the tin plate industry it is common to refer to tin thickness in 
terms of weight per base box. A base box consists of 112 sheets with 
dimensions of 14 by 20 in. (33.6 by 50.8 cm). This is an area of 435 
sq ft (40.4 sq m), and 1 lb per base box is equivalent to 0.00006 in. of 
tin in thickness. Table 4 gives base box data commonly used. 

i 

Table 4. Base Box Data Sheet * 


Base Box 

J 12 sheets — 14 in. x 20 in. 
31,300 sq in. steel 
217.777 sq ft steel 
435.5 sq ft surface 


Double Base Box 
224 sheets “14 in. x 20 in. 
62,720 S(i in. steel 
435.5 sq ft steel 
871 sq ft surfa(‘e 


Tin 


Weight of coating, in Ib/base box 

Weight of coating, in oz, for 0.459 base box, 

0.5 

1.0 

1.5 

or 100 sq ft of steel 

Weight of coating, in oz, for 0.2295 base box, 

3.0G 

7.32 

,11.0 

or 100 sq ft surface 

1.83 

3.66 

5.5 

Coating thickness, in. 

0.00003 

0.00006 

0.00009 

Plating time, min., at 30 amp/sq ft 

0.5 

1.0 

1.5 


Terne- 20% Sn, 80% Bb 

1 oz/sq ft X 27.2 = Ib/double base box 

oz sq ft X 0.0000585 — thickness, in inches (one side) 


Lead 

1 oz/sq ft X 27.2 = Ib/doublc base box 

oz/sq ft X 0.0000528 — thickness, in inches (one side) 

* Weight base box, 28-gage tin plate, about 138 lb. 

The most important tests on tin plate are for porosity which is de- 
pendent for the most part on thickness of the deposit and condition 

* Editors note. Apparent discrepancies between this discussion and the corre- 
sponding one on pages 402 and 403 are due to the fact that here we are principally 
concerned with the thinly coated ‘^tin plate” for tin cans, whereas the other dis- 
cussion is concerned with general job plating. This difference in emphasis reflects 
the principal fields of usefulness of the respective baths. 
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f the. basis metal. These are of about equal importance. Egcberg 
\ ajid Promisel report that from alkaline solutions the porosity was 
negligible with a thickness of 0.00005 in., and from a carefully filtered 
acid solution this minimum thickness could be reduced to 0.00001 in. 

Maenaiightan and co-workers'^® have determined the porosity of 
various tin coatings 0.00012 in. in thickness; the^'' class them in the 
following order of increasing porosity: (1) composite coatings; (2) 
bright acid tin dei)osits; (3) smooth acid tin deposit; (4) hot-dipped 
coating; (5) alkaline tin deposit; (6) rough matte acid tin deposit. The 
composite coating obtained by plating tin on hot-dipped tin was de- 
cidedly tlie best. On stretching the tin-coated steel, the order is 
changed to: (1) composite tin coating; (2) hot-dipped coating; (3) 
smooth matte acid tin coating; (4) rough matte acid tin coating; (5) 
alkaline tin coating; (6) bright acid tin coating. With heavier depos- 
its, the alkaline tin deposit gave slightly less porosity than the acid tin 
deposit. Results in the laboratory indicate that there is no difference 
in the porosity or ]n“otcctive value of the two deposits, provided that 
the acid tin deposit is thoroughly rinsed. 

One point of difference between hot-dipped and electroplated tin 
coatings is the alloy zone between the tin and the basis metal. In 
the case of a steel basis metal, this alloy is said to consist of the com- 
})ound FeSn 2 , and it is possible that its presence aflects the comparison 
between porosity and protective value of the coatings. Another cause 
of discrepancy at times in comiiaring the porosity of hot-dip tin and 
electroplated tin coalings is the fact that, compared to plated tin, cer- 
tain hot-dii)ped tin is very difficult to clean thoroughly. This is prob- 
ably due to a film of vegetable oil remaining on the surface and in the 
pores of the deposit after the hot-dipping process. 

The determination of porosity of tin coatings has been thoroughly 
described by Egeberg and Promisel,'^^ by Vaurio, Clark, and Lueck,®® 
and by Hoare,®^ so that only mention need be made of the several 
methods. 

1. The hot water test, whereby the specimen is cleaned and im- 
iiKTsed in an upright position in distilled water at a temperature of 
95 "'C for 6 hr. Reddish brown spots arc formed which are very ad- 
herent and may be easily c mnted.* 

2. The ferricyanide test, whereby the specimen plate is immersed 
in a ferroxyl solution; or the plate is covered with prepared filter paper, 
placed in contact with it, and brushed with distilled water. The num- 
ber and size of the blue spots are an indication of the degree of porosity. 

* The pH of the water must always be the same to insure comparable results. 
A change in pH makes a very decided difference in the results. 
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3. The hydrogen evolution test, by which is measured the time i/j 
collect 5 ml of hydrogen when a test specimen is immersed in i iV h;^-/ 
drochloric acid at 57°C. 

4. Immersion of the specimens in boiling dilute solution of copper 
sulfate, The sites of the pores are revealed by rust and copper spots. 

5. Girevs test, whereby the specimen is made the anode in a 0.5 to 
0.1 N solution of sodium -hydrogen sulfide for 10 min. 

6. The salt si)ray test, which may also be used for tin plate but, like 

the other tests, should not be considered indicative of the comparativjj 
service value at all times. I 

More recent publications on porosity of tin and its determination arcil 
given by Baicr and Hoar^^ and Kerr and co-workers.^^ Kerr and as-\ 
sociates determined the effect of tin content, cresol sulfonic acid, cur- ' 
rent density, temperature, and wetting agents on porosity. Kerr and 
e,o-workcrs determined the effect of thickness between 2 and 133 oz 
per bas() box on porosity by different methods. They showed that 
the porosity was roughly inversely proportional to {t = thickness) 
l)y the thiocyanate test, to by the hot water test, and to t by humid- 
ity, salt spray, and outdoor tests. For coatings of less than 12 oz per 
base box the deterioration was rapid in all tests. 

The thickness of tin coatings can be deternfined microscopically if 
care is tak(m not to ‘‘sj)read” the tin while polishing. If the specimen 
is sufficiently uniform in shape so that the area can be determined, the 
average thickness can be determined by strip|)ing the specimen in con- 
centrated hydrochloric a(’id containing 20 g/1 of antimony oxide. By 
weighing the 8i)ecimeii liefore and alter strij)ping, the thickness can be 
calculated. The tin may also be stripjied by treating anodically in a 5 
to 10% solution of sodium hydroxide. For heavier deposits (over 
0.0002 in.) and for certain shapes, one of the best methods is to pick 
out a diameter on the ]iart which can be measured with a micrometer 
before and after ])lating or before and after stripping. Of course, 
this method cannot be used on a flat specimen, owing to the probable 
change in contour, but for round articles such as pistons the method 
can be made simple and accurate. 

Hanna gives an excellent summary of fifteen methods, with refer- 
ences, which have been proposed for determining the thickness' of tin 
deposits including electrolytic, solvent, magnetic, and drop methods. 
All dnstrumenb involving deplating of the specimen, with automatic 
endpoint indication, is available.* 


♦Kocour Co,, Chicago, 111. 
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IMMERSION TINNING 

Frederick A. Lowenheim* 


For applications which require only a very thin film of tin, prin- 
cipally for decorative purposes, immersion processes arc extensively 
used- Such articles as pins, paper clips, buttons, and small electrical 
jiarts are representative of such uses. Two important industrial uses 
of immersion tin coatings are the so-called “liquor finish” on steel 
wire and the tinning of aluminum alloy pistons for internal combustion 
engines. In addition, immersion coatings find several specialty appli- 
cations, such as tinning the inside of copper tubing, which would not 
be susceptible to ordinary electroplating methods.^ -f 

IMMERSION AND CX INTACT PROCESSES 

Immersion tinning is a very old art, and the number of “recipes” 
which appear in the literature is coiTespondingly large. In addition to 
journal articles, all the standard texts include such formulas.^'^^ For 
their operation many formulas rely on dii’ect contact between the work 
and pieces of tin or zinc in the solution, and are thus in efi'cct electro- 
lytic methods, with the outside source of current replaced by a self- 
contained l(3cal couple. Where the contact rnctal is tin, the solution 
itself often contains no tin compound, reliance being placed on the 
solution and subsequent deposition of the tin metal; where the con- 
tact metal is zinc, the solution must contain a tin salt. 

SUGGESTED FORMULAS t 

1. Stannous chloride, § SnCl 2 - 21 l 20 3.5 oz/gal (25 g/1) 

Grcam of tartar, KIIC 4 H 40 (j 1.3 oz/gal (10 g/1) 

Small pieces of zinc in contact with the work, in a barrel at about 
80°C; time, 2-4 hr. 

* Metal & Thermit Corporation, Rahway, N. J. 

t References for this portion of the chapter will be found on i)ages 433 and 434. 

t See also Refs. 2, 4-12. 

§ Anhydrous stannous chloride, SnCE, may also be used. For each 10 parts of 
SnCL *21120 substitute 8.3 parts of SnCE- 
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2- Cream of tartar, KHC4TT4O6 0.2 oz/gal (1.5 g/1) 

Sodium chloride, NaCl 0.4 oz/gal (3 g/1) 

Work and perforated sheeta of tin arc piled alternately in the solu- 
tion, kept at 90°C or higher for 3 to 5 hr. The solution itself 
contains no tin and is discarded after each batch. 

3. Stannous chloride,* SnCl2-2n2f> 4 oz/gal (30 g/1) 

Sodium hydroxide, NnOTl 8 oz/gal (00 g/1) 

The stannous chloride and stxlium hydroxide are dissolved sepa- 
rately; the sodium hydroxide solution is then added, with stirring, to 
the tin salt solution; the precipitate first formed redissolvcs to give a 
solution of essentially sodium stannitc, NaHSn02 or Nsi2Sn(OH)4. 
This formula may l)e used similarly to formula 2; but, since stanniie 
solutions are essentially unstable, brass will be iirined in this solution 
by simple immersion, witliout the tin metal contact. 

The three formulas above refer ]>rimarily to the tinning of brass 
articles. AVhen iron or steel is the basis metal the following is ap- 
plicable. 

1. Stannous thloride, SuClo *21120 * 2 oz/gal (15 g/1) 

Sodium sulfate, Na2S04* lOJhO 21 oz/gal (Kif) g/1) • 

llydj'ochloric acid, HCl 0.13 fi oz/gal (about 1 inl/1) 

This solution is heated to boiling; the hccating is then discontinued 
and the work, alternating with layers of perforatc^d zinc sheets, is 
])lacetl in it for about 45 min. The solution is discarded after each 
batch. 

K will be noted that all tlie above formulas call for rather extended 
periods of immersion and high temperatm-es. Some recently developed 
solutions hav(^ the advantage of being operable at room temperature 
and reepuring only a few minutes’ immersion. 

5. Stannous chloride,* SnCLj -21120 0.7 oz/gal (5 g/1) 

Sodium hydroxide, NaOH 0.75 oz/gal (5.0 g/l) 

Sodium cyanide, NaON 7 oz/gal (50 g/+) 

Room temperature; time 1 2 min 

This bath has been patented and is discussed in the technical liter- 
ature for the tinning of copper or copper alloys. As in almost 
all immersion processes, the thickness of coating is limited; but in this 
case the inventors have given data on the thicknesses obtained at differ- 
ent times of treatinent.^^ (See Table 1.) 

* Anh 5 drous stiinnoiis chloride, SnGh, may also be used. For each 10 parts of 
SnCl2'2H20 substitute 8.3 parts of SnCl 2 . 
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6. Stannous chloride^* SnCU -21120 1.3-2. 7 oz/gal (10-20 g/1) 

Thiocarbamido (thiourea), ( -S(Nll 2)2 11-12 oVgal (80-90 g/1) 
Hydrochloric acid, HCl 1. 3-2.7 oz/gal (10-20 ml/1) 

Temperature, SO'^C (122°P") to boiling; time, 5 min 

In this patented formula, the thiourea apparently performs the 
same function as the cyanide in foiinula 5; that is, it increases the 
tendency of the copper basis metal to dissolve by complexing the cop- 
per ions. 

7. A very similai* bath, also paLented,^^ contains: 

Stannous chloride,'*' SnC '12-21120 0.7 oz/gal (5 g/1) 

Thiourea, CS(N 110)2 0.7 oz/gal (50 g/1) 

Sulfuric acid, iloSO.! 2.7 oz/gal (20 g/1) 

Hoorn tempei ature; time, 5-30 min 

13ata on de])osit thicknesses obtainable by formulas 6 and 7, as given 
in the patent disclosures, arc included in Table 1. 

Tablio I. Thickness of Tin Coating iuiom Imjvieiision Fohmulas 5, (>, and 7 


33 me of 

Coating Tliickness, 
thousandths of an incli 

Immersion 

No. 5 

No. 6 

No. 7 

J min 

» . • 

0.024 


2 mill 

• • • 

0.037 


3 ndu 


0.047 


4 mill 


0.053 


5 min 

0.004 

O.OOO 

O.OOS 

15 mill 

0.006 

. , . 

0.015 

30 min 

0.009 


0.018 

1 hr 

0.014 



2 hr 

0.021 



24 hr 

0.140 


0.125 


8. Another solution for the immersion tinning of copper and brass 
recently introduced is 

Potassium stannate, K 2 Sn(OH )6 8 oz/gal (60 g/1) 

Potassium cyanide, K(^N 16 oz/gal (120 g/1) 

Potassium hydroxide, KOII 1 oz/gal (7.5 g/1) 

Temp, room to 65 °C; time 2-20 min 

It should be noted that these methods are applicable only to copper 
and copper-base alloys; and it is obvious that the coating thicknesses 

* Anhydrous stannous chloride, SnCl 2 , may also be used. Tor each 10 parts of 
SnCl2-2H2C) substitute 8.3 parts of SnC] 2 . 
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obtainable arc in no respect comparable with those produced by elec- 
troplating. If a })nght de])osit is required, the basis metal should be'^ 
bright to start with, since the deposits are so thin that in most cases 
the character of the underlying surface is not altered appreciably. 

A recently revived method of “contact tinning’’ applicable to many 
different liasis iiKjtals is to hang the work in the conventional stannatc 
bath in contact with aluminum, such as by suspending it on aluminum 
wires.^^‘ 


TINNING OF ALUMINUM ALLOYS 

Aluminum and its alloys can be tin plated by any of the methods\ 
suitable for plating on aluminum; but, in tlie particular case of alumi-' 
num alloy pistons for internal combustion engines, the tin coating is 
aj)plied by an immersion pi’ocess which does not involve the usual pre- 
treatments necessary for electroplating methods. The purpose of the 
tin coating is to act as a lubricant during the running-in period; a 
major proportion of all aluminum alloy pistons is tinned by the follow- 
ing process or variations of it. 

The parts are first cleaned in one of the cleaners specially formu- 
lated for aluminum; after a cold water rinse they are dipped in 20^0 
nitric acid for about 20 sec; after another cold water rinse tliey are 
tinned by immersion in a sodium or potassium stannate solution, origi- 
nally about () to 9 oz/gal for 3 to 4 min, at a temperature of 50° to 75°C. 
A cold and a hot rinse complete the process. Coatings are matte 
white, of thicknesses considerably greater than those obtained by 
usual immersion techniques: up to 0.0002 in. or more. 

There are various means of controlling this process to comi)ensate 
for the gradual decrease in tin content and corres])onding increase in 
equivalent free alkali as the work is put througli the bath. Free alkali 
should be maintained below 1.3 oz/gal, and this may be accomplished 
by adding acetic acid as needed.-® The decrease in tin content may be 
made up by periodic additions of stannate, by raising the temperature, 
or both. In any case, baths are generally discarded periodically, since 
iinpurities and sludge build up to such an extent that making up a new 
solution is more economical than attempting to rectify an old one. 
There are indications that potassium stannate, because of its greater 
stability, gives solutions which run longer before discarding becomes 
necessary, tlius more than compensating for the higher cost compared 
with sodium stannate. The process has been described in the litera- 
ture in somewhat more detail than can be given here. 

Recently the use of stannous sulfate-hydrofluoric acid solutions has 
been advocated as an improvement over the foregoing process.^'^ Stan- 
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■ nous chloride-ammonium alum and stannous fluoborate or fluosili- 
cate have also been recommended. 


LIQUOlt FTNLSITTNG OF STEEL WIRE 

The so-called “liquor finish’’ is applied to steel wire for two pur- 
poses: as a drawing lubricant and as a decorative finish for such 
articles as hairpins and clips. The deposit is normally a copper-tin 
alloy, produced from a solution such as 

•Stannous sulfate, S11SO4 1 oz/gal (T.f) g/ 1 ) 

Copper sulfate, CuS()4'51l20 1 oz/gal (7.5 g/l) 

Sulfuric acid, II 2 SO 4 10*30 g/l or 1 % 3^>Jt by weight 

Variations in color arc jnoduced by varying the copper sulfate con- 
tent: the higher the copper, the redder the deposit. The process re- 
el iiires a few minutes at room temperature. 

AVhen a white finish is desired, the following solution may be used: 

•Stannous sulfate, SnSC 4 0.l-<).3 oz/gal ( 0 . 8 * 2.5 g/l) 

Free sulfuric acid, H 2 SO 4 0.7-2 oz/gal (5 15 g/l) 

Temperature, 90°-i()0°C — 
time, 5-20 min 

For a full description of the process see Ref. 27. 



TIN ALLOYS 

FmcDunicK A. TjOwknhujm * 

The general princi])les of alloy deposition are discussed elsewhere 
in this volume, and a word may be said as to why a special section 
is devoted to the alloys of tin. llcference to Chapter 3 will show 
that a considerable portion of the work that lias been carried out in this 
field has been of academic or theoretical rather than practical in- 
tei'est, and that relatively few processes have been developed to the 
commercial stage. The principal exceptions to this statement are the 
deposition of brass, of some gold alloys, and of some alloys of tin, no- 
tably with copper, with lead, with nickel and with zinc. Tin-lead 
alloy plating is considered on pages 291 to 296; the processes for plating 
the other three tin alloys mentioned merit somewhat more detaUed 
treatment here. 

The alkaline stannate bath lends itself admirably to adaptation 
lor the plating of alloys wdth those metals which can be deposited 
from cyanide solutions: the tin-copper and tin-zinc processes are of 

* Metal & Thermit Corporation, Rahway, N. J. 



this type. Altho\igli tin-iiickcl alloys can be deposited from staii- 
naie-cysinide solutions ^ such baths are not practically operable and 
the tin-nickel process is of an entirely different nature. 

In addition to iJie three discussed below, there arc several tin 
alloy plating jirocesses — mostly involving tin, copper, and zinc — 
which because of their patented or proprietary nature are not con- 
sidered here. It should also be stated that the discussions herein are 
necessarily brief and incomplete; anyone seriously contemplating 
tlie installation of one of tli(‘S(^ baths may obtain tlie literature and 
technical advice offered by tlie Tin Research Institute or the Metal 
& Thermit Corporation.* This litei’ature also (‘onlains instructions, 
omitted heni, for analytical control of the baths. 


TIN-COPPER OR SPECULUM 

Alloys of tin and copper in the 907^ Car UV'/o Sn range are, of 
(‘oui'se, tlie commercial bi’onzes and are used on a very large scale. 
They can be electrodeiiosited and Inwe been used to a limited extent 
as stop-offs in the nitriding of steel.”* The speculum alloy, however, 
contains fO to 60% Sn; the optimum composition is 457? 

Cu. This alloy is white, closely resembling highly polished silver; 
it is j‘e(;ommended for decora.tive ajiplications for indoor use, such as 
bathroom fixtures, ashti’ays, ainl tablewaie For such applications 
its tarnish resistance and protective (lualities art; claimed to be excel- 
lent; it is not refjommended for outdoor exposure, particularly in 
industrial atmospheres. As plated, speculum is matte to semi-bright 
but is easily buffed to a high luster.f 

S])eculum is plated from a bath of the following composition."^ 



Ounces 

Grams 


per Gallon 

per Liter 

Sodium staimate, Na 2 Sii((.)fJ )6 

12.7 

95 

(Tin metal) 

5.3 

40 

Ck)ppcr (I) cyanide, CuCN 

1.43 

11 

(Copper metal) 

1.0 

7.5 

Free sodium cyanide, NaCN 

2.3 

16 

Free sodium hydroxide, NaOH 

2.0 

15 

Control Limits 


Tin 

5. 1-5.6 

38-42 

Copper 

I-J.14 

7. 5-8. 5 


*Tiii Research Institute, 492 West 6th Ave., Columbus 1, Ohio. Metal & 
Thermit Corp., 100 East 42 St., New York 7, N. Y. 

tit has been reported that a “bright speculum" has been developed, but nrv 
details of the process have been published. 
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Free NaCN 
Free NaOlI 


Ounces per Grams per 
Gallon Liter 

2.14-2.4 16-18 

1.9-2.14 14-16 


Temperature, G5°C ± 2° 

Cathode current density, 15 25 amp/s(i ft 
Anode current density, see text 

Efficiency, about 60%; time to plate 0.001 in., about 20 min 
llecomniended thickness: 0.0005 in. on brass, copper, etc. 

0.001 in. on steel 


Since anodes of tlie same comi)osition as the deposit do not dis-1 
solve well, two sejjarate anode cimiits with individual control havc\ 
to be used. The tin anodes must be maintained in the polarized or 
^Tilmed'^ condition as for stannate tin plating, and thus the voltage 
in the tin anode circuit is higher than that in the copper anode cir- 
cuit. Three-quarters of the total current is i)assed through the tin 
circuit, one-quarter through the copper circuit; current density on 
tiie copper anodes is maintained at about 5 to 10 amp/sq ft, and on 
the tin anodes at 15 to 20 amp/sq ft,"‘‘“ 

It lias been proposed to regulate the anode reaction by means of a 
time cycle instead of the dual circuit ; ^ the current is passed alter- 
nately through the copper and the tin anodes. Another proposed 
means for avoiding the dual circuit is to employ insoluble anodes, 
or anodes of either copper or tin, and to regenerate the bath chemi- 
cally by the addition of copper stannate.” For a complete discussion 
of the process and for detailed working instructions, see Refs. 5, 9 to 12. 


TIN-NICKEL 

The recently developed tin-nickel alloy electroplate is reported to 
possess several outstanding qualities which should render it quite at- 
tractive to platers if practical exi)criencc subsl.antiates the claims 
made for it. These include: (a) it is bright or nearly so as deposited 
if the basis metal is bright; (b) it is exceptionally tarnish-resistant; 
(c) it is practically inert to a wide variety of reagerrt-s; i.d) the bath 
has good throwing power and a relatively high rate of deposition; 
(e) the deposit is of pleasing appearance, of a much warmer hue than 
chromium. 

The outstanding properties of this deposit are evidenced only when 
plates are substantially pore-free: porous deposits arc liable to early 
failure. Production of pore-free deposits can be ensured by frequent 
or, better, constant filtration of the bath through a bed of activated 
carbon and by bagging the anodes. 
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The alloy as deposited is the intemietallic compound NiSn, con- 
taining 65% Sn, 35% Ni. The deposit composition is remarkably 
constant over fairly wide ranges of bath composition and operating 
conditions. 

The alloy is plated from the following solution.’-' 



Ounces 

Grams 


per 

per 


Gallon 

Liter 

Stannous chloride, SnCb ■ 2 H 2 O 

6.7 

50 

or 

Stannous chloride anhyd., SnCl 2 

5.7 

42 

(Till metal) 

3.5 

26 

Nickel chloride, NiCti 01120 

40 

300 

(Nickel metal) 

10 

75 

Sodium fluoride, NaF 

3.75 

28 

(Fluorine) 

2 

15 

Ammonium bifluoride, NH 4 IIF 2 

4.67 

35 

(Fluorine) 

3.2 

24 

Total fluorine in bath 

5.2 

39 


pH (colorimetric), 2.5 
Temperature, 65 °C (150°r) 

Cathode current density, 25 am])/sq ft 

Separate anodes of tin and nickel are used, with about equal 
amounts of current being passed through each. Although the early 
work resulted in the recommendation that the tin and nickel anodes 
be hung from separate bus bars with individual control, it has been 
shown more recently that they may be hung from the same bar and 
control exercised by varying the area ratio of tin to nickel. The tin 
anodes should be removed during extended idle periods. The de- 
posited alloy, NiSn, does not appear as a separate phase on the 
thermal equilibrium diagram of the tin-nickel system; this com- 
l)ound has so far been produced only by electrodeposition. When 
it is attempted to cast anodes of the composition NiSn, a two-phase 
system is produced consisting probably of Ni 3 Sn 4 -j- NisSna; unfortu- 
nately these two phases do not corrode in the solution with equal ease, 
hence the necessity for separate tin and nickel anodes. Anode current 
density may be up to 50 amp/sq ft. 

In the preparation of the solution several purification steps are 
recommended, for details oi which the working directions should be 
consulted.^'^ High purity solutions are necessary for proper opera- 
tion of the process. 

Because of the corrosive nature of this solution and the toxic char- 
acter of its fumes — it contains free hydrofluoric acid and elevated 
temperatures are used in its operation — careful consideration must 
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be given both to materials of construction and to protection of work- 
men. Materials which have been found satisfactory are rubber- 
lined steel and ^T^erspex.’^ * Not all rubbers are suitable for linings, 
and a small scale test is recommended befoi'e proceeding with plant 
installations.^’^ Anodes may be bagged with “Terylene,” f but other 
materials such as nylon have been shown to be suitable. Heating 
may be by external water jacket or heat exchanger; if immersion 
heatcu’s are to be used they should be heavily nickel-plated, as nickel 
is the only metal known to be sufficiently resistant to the solution. , 

'Tu the inivrests of luailtJi it is absolutely essential that the tank 
be provided with a IJioroughly efficient exhaust s^^stein. Vaporisation 
can be substantially reduced by covei’ing the surface of the electrolyte 
with small polythene inbes such as are used to cut down spray in\ 
chromium plating practice.” \ 

The till-nickel alloy can l)e plated directly over steel, but better 
rcisults have been obtained with an intermediate coating of copjier. 
The priuci]Xil necessity in the ojicration of the process is the main- 
tenance of a pure (dectrulyte, free of suspended matter and of organic 
contamination. 

The behavior of tin-nickel coatings on exi)osure to the weather 
and to various reagents has been report(*(l.^"’'^® Analytical , methods 
as well as working inslriictioiis are given in references 13 and 17. 
Hull cell t(\sts are valuable in contiolling the process."”’ 

TIN-ZINC 

The deposition of alloys of tin and zinc is not new, but credit 
must be given to the Tin Research Institute for the development of a 
successful commercial process. Tlie electrolyte is a stann ate -cya- 
nide solution, which is easily jirepared and controlled and not too 
criti(‘al in operation. Anodes of the same composition as the deposit 
are used, so that, (except for somewhat greater need for analytical 
control, the process is hardly more complicated than stannate tin 
plating. ™ 

The alloy usually recommended, and upon which most intensive 
work has been done, is in the range 75 to 80% tin, remainder zinc. 
This deposit possesses these desirable properties which render' its 
commercial possibilities attractive: it offers excellent corrosion pro- 
tection, comparable with zinc or cadmium; it does not so readily 
form the voluminous white corrosion product typical of zinc.^^"-^ 

* '‘Lucite” is Ihn equivalent in tlie United States. 

1 “Dacron” and “Fiber V” are similar in the United States. 
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It is cheaper iliaii cadmium; basically, both tin and zinc arc more 
“available" than cadmium, though governmental restri(‘tive meas- 
ures have in recent years tended to confuse the issue. The soldera- 
bility of the coating is excellent, being better than that of cadmium 
and at least equal to that of tin; and it surpass(‘s tin in retention 
of good solderability on storage. The relative value with respect 
to corrosion of zinc, tin-zinc, and cadmium depends lo some extent 
on tlie type of exj^osure.^* The deposit is not bright; and, being an 
alloy, it demands somewhat more analytical control than the de- 
position of a single metal. Throwing i)Ower and covering power, 
and the basic operating factors of the process, are excellent. 

The tin-zinc alloy deposit has also been reported to have excel- 
lent anti-friction characteristi(‘s which suggest its use as a bearing 
surface.'^*’ 

The solution first proposed for the plating of tin-zinc alloys was 
a sodium stannale -zinc cyanide batli of the following composi- 
tion. 



Ounces 

Grams 


per Gallon 

per Litoi 

Sodium stannate, Na 2 Sn(OH)(j 

9.5 

72 

(Tin metal) 

4.0 

30 

Sodium hydroxide, NaOH 

0.5 to 0.8 

4 to G 

Zinc cyanide, Zn(CN )2 

0.6 

4.5 

(Zinc metal) 

0.33 

2.5 

Free sodium cyanide, NaCN 

2.8 

21 

(Totsii NaCN) 

3.7 

28 


Some difficulty was experienced Avhen an attempt was made to 
repeat the English work in America, a diffic.ulty which was finally 
traced to a difference in the quality of English and American sodium 
stannate.^® This difficulty is completely avoided, and a bath of 
somewhat better characteristics with regard to speed and latitude in 
operation is obtained, by using potassium salts in place of sodium. 
The following bath is being used in still plating."’* 


(Ounces (hams 

per per 

Gallon Liter 

Potassium stannate, K 2 S 11 (OH) 6 16.0 120 

(Tin metal) 6.0 45 

Zinc cyanide, Zn(CN )2 1.4 10.5 

(Zinc metal) 0.8 6 

Potassium hydroxide, KOH 0.87 6.5 

Free potassium cyanide, KCN 2.8 21 

(Total KCN) 5.5 41 
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For barrel plating the bath is modified somewhat, as follows. 



Ounces 

Grams 


per 

per 


Gallon 

Liter 

Potassium stannate, K2Sii(01I)c 

12.7 

95 

(Tin metal) 

4.7 

35 

Zinc cyanide, Zn(CN )2 

1.8 

13.5 

(Zinc metal) 

1.0 

7.5 

Potassium hydroxide, KOII 

1.3 

10 

Free potassium cyanide, KCN 

2.0 

15 

(Total KCN) 

0.0 

45 


Working temperature of the bath is 65°C d= 2° at cathode curreim 
densities for the sodium bath of 10 to 30 amp/sq ft, and for the po-' 
tassium bath of 15 to 60 amp/sq ft. Anodes of i-he same composi- 
tion as tlie deposit (80% Sn, 20% Zn) are used, at anode current 
densities of about 25 amp/sq ft. Anodes must be filmed, as in stan- 
nate tin })lating; if not filmed, the deleterious results at the cathode 
arc similar. 

Throwing power of the bath is excellent, both with regard to 
metal distribution and ^^composition distribution'^ — the latter con- 
noting the fact that the alloy composition is fairly constantton high 
and low current density arcas.-'^ Fortunately the composition of 
the deposit is not particularly critical; although 75 to 80% Sn is the 
aim, deposits in the range 70 to 85% Sn have very similar character- 
istics. When the deposit is too high in tin — in particular when the 
zinc content goes below 10% — some corrosion -protective properties 
are sacrificed, and, if too high in zinc, the solderability may suffer 
and the corrosion characteristics may approach those of zinc. 

Mild steel ecjuipincnt is satisfactory, and no special cleaning 
techniques are required. Rinsing after plating should be thorough, 
since the bath has a solvent action upon the deposit. The deposit 
may be ‘‘i)assivated” by immersion for a few seconds to a minute 
in 2% chromic acid solution at 50° to 80°C. This treatment im- 
proves the performance of the plate as measiired-by the salt fog 
test, but it may somewhat interfere with solderability and should 
be used with caution if this is an important factor in the application. 

Since the bath operates at a somewhat high temperature for a 
cyanide solution, the cyanide should be checked rather frequently, 
as should the free alkali. Metal content may be checked at more 
infrequent intervals. General effects of the variables involved are: 

Increasing temperature increases the tin content of the deposit, 
and increases the rate of cyanide breakdown. Decreasing tempera- 
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ture decreases the tin content, but also lowers the cathode efficiency; 
rather close temperature control is advisable, therefore, in view of 
these effects. Increasing free alkali increases the zinc content. In- 
creasing free cyanide increases the tin content, up to a point be- 
yond which further increase has little effect; the hath as formu- 
lated contains a quantity of cyanide which is above this critical 
limit, so that minor variations in cyanide have little effect; if, how- 
ever, the cyanide content is allowed to fall too far, small changes 
will have large effects ujion the deposit and the bath will become 
difficult to control. The metal content of the bath exerts the ex- 
pected effect upon the deposit composition; that is, increasing zinc 
metal increases the zinc content of the jilate, etc. 

More complete working instructions for the jirocess as well as 
methods of analysis will be found in references 27 and 29 . 




Zinc 


Per dollar of coatiny; eoyl, zinc com, tings confer more protection 
against atmospheric corrosion of iron and steel than any other coating, 
dlie eflScacy of zinc depends on (1) its liigh resistance to atmospheric 
corrosion; (2) its galvanic prot-ection of areas exjiosed by flaws or 
injuries to the coating; * and (8) the inhibition of corrosion by the 
presence of corrosion products of the zmc.f 

Zinc coatings, with few exceptions, are applied only for the protec- 
tion of iron and steel. Since zinc weathers to a drab gray color, its 
coatings are generally unsatisfactory where a permanently brilliant 
finish is desired. Itc'cmtly, bright zinc finisln^s, preserved by clear 
lacquer or by treatment in chromate baths, have liad decorative ap- 
plications where the atmosiihcre is not unduly corrosive. 

Only cadmium approaches zim; in its protection of steed surfaces. 
Although cadmium is sometimes less effective,:!; it may be preferred for 
its non-crusting corrosion products in marine service or for other 
special projierties. 

Zinc coatings have long been applied by dijiping the article in molten 
zmc. The primary advantage of electroplating is the ability to apply 
zinc coatings of any desired weight according to the amount of pro- 
tection desired. In hot dipping, the coating thickness is uncertain and 
is limited to a narrow range. Electrogalvanizing is frequently much 
less costly. Moreover, on simple shapes the coatings are much more 
uniform in thickness; since (dectroplated zinc is generally only slightly 
superior § to hot-dip zinc per unit of arival thickness, uniformity and 
thickness are the significant factors. Furthermore the heavy losses of 
zinc as dross in the hot process, which sometimes account for one-third 
of the zinc consumed, are completely avoided by electroplating. Plat- 
ing baths are of two types' acid baths and alkaline cyanide solutions. 

*H. H. Uhhg, Cheni. Eng. News, 24 , 3154 (1946). 

tR. S. Thornhill, Ind Eng. Chem., 37 , 706 (1945). 

tE. E. Holls, Meiallurgia, 36 , 30 (1946). 

§ On the average, about 8 to 10%, according l-o 1,ests conducted by PI H. 

Jr. \Trans. Electrochem. Soc., 80 , 387 (1941) J, and data and discussion presented 
by C. D. Hocker and co-workers, Proc. Am. Soc. Testing Materials, 46 , 70 (1945). 

443 



444 


MODERN ELECTROPLATING 


Electroplated zinc coatings are substantially pure, ductile, and free 
from the brittle alloys characteristic of some hot-dip coatings. This 
feature permits the coated articles to be drawn, stamped, or other- 
wise formed, and precludes early failure of protection at damaged 
regions of tlie coating. The absence of incidental heat treatment avoids 
warping or change of temper of the steel. Electroplated screw threads 
need not be rechased, but the electroplate fails to “solder” or bridge 
over seams and joints. Slierardizing and zinc spraying are used for 
special purposes. 


ACID ZINC 

Ernest 11. Lyons, Jr.,* and Hamnett P. Hunger f 


The most extensive use of acid zinc baths is in electrogalvanizing 
steel wire and strip. The advantages of the acid bath arc its high i)lat- 
ing rate and low oi)erating costs. However, compared with cyanide 
baths, acid baths have i)oor throwing power. When electroplating 
wire and fiat-rolled steel products, throwing power is not a factor in 
securing uniform coatings. For this reason acid zinc baths have been 
very successful in coating these products. Acid zinc deposits are gen- 
erally coarse-grained, but this does not affect the corrosion resistance. 
Since box strapping, stapling wire, and many other steel articles need 
only limited ])rotection, thin, incxi^ensive coatings of zinc, 0.0025 to 
0.013 mm (0.0001 to 0.0005 in.) thick, are adequate.- If such coatings 
are to be painted, even thinner coatings, as low as 0.0013 mm (0.00005 
in.) thick, may be applied. For painted products special chemical 
treatments to form a paint-holding film (such as a phosphate coating) 
are necessary, since without them paint adherence is not satisfactory. 
The zinc prevents rusting at flaws and scratches in ±he paint, and is 
itself protected from early corrosion. Certain steel Venetian blinds 
are an example of such painted, zinc-plated surfaces. 

For other purposes, heavier coatings, 0.0127 to 0.038 mm (0.0005 to 
0.0015 in.) thick, are deposited.^ Electrogalvanized steel strip is 
formed into special channels and shapes such as flexible steel conduit 
(BX) cable. Electrogalvanizing of wire produces coatings with 

*The Principia College, Elsah, 111. 

tBattelle Memorial Institute, Columbus, Ohio. 

t References for this portion of the chapter will be found on pages 458 and 459. 
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• greater uniformity, adherence, and ductility, and with a wider range 
of coating weight, than the old hot-dip methods* permit; coatings 
heavier than 2.4 oz/sq ft are commercially applied.^-® A considerable 
amount of electrogalvanized wire is drawn down to smaller gages after 
clectrogalvanizing. The ampere capacity in the United States for wire 
and strip steel (including some strip lines converted from tin plating) 
exceeds 800,000 amp. 

Large quantities of wire cloth (screening) are protected with 0.1 to 
0.2 oz/sq ft of electrodeposited zinc w-hich, in turn, is generally ]Wo- 
tccted with a coat of varnish. Hardware, iron and steel castings, small 
manufactured parts, and a large number of other articles are exten- 
sively electrogalvanized in acid zinc baths. Electric conduit pipe, silo 
rods, tie rods and other structural })arts, threaded pipe couplings, bolts, 
braces, hangers, hooks, and buckles arc plated in acid zinc baths. 
Small bolts, nuts, rivets, washers, nails, etc., are electrogalvanized in 
acid baths in barrels, receiving coatings of 0.05 to 0.5 oz/sq ft. 

DEVELOPMENT OF ELECTROGALVANIZING 

About 1910 the early difficulties with cleaning metal surfaces and 
controlling of plating baths were solved. Improved electrolytes re- 
sulted in deposits of better appearance, so that applications for acid 
zinc plating began to increase extensively. The crude control meth- 
ods were chiefly aimed at determining pH. Since then, the current 
densities have risen from 5 to 10 amp/sq ft to about 200 to 400 
ainp/sq ft, and as high as 2000 to 3000 amp/sq ft in some cases. The 
clectrogalvanizing of steel strip became important in 1915,'^ and of 
round wire in 1933.'*’®'® 

In the thinner coatings, clectrogalvanizing is finding greatly en- 
larged application. With the increasing price of zinc, the cost ad- 
vantage of clectrogalvanizing is even more pronounced. Since it also 
produces uniform coatings of higher quality, clectrogalvanizing may 
be expected to displace the hot-dip method even more extensively. 
Comparatively little attention has been paid as yet to the possibilities 
of heavy coatings. Technological improvements which would per- 
mit the competition of clectrogalvanizing in the heavy coatings field 
would be (1) ability to use a lower cost raw material as a source of 
zinc, (2) high current density electrolytes, and (3) better handling 
facilities for increased speed of electroplating. With its limited 
throwing power, acid zinc plating will hardly replace the hot rlipping 
of such articles as pails, pipes, and fittings. 

Although baths based on zinc fiuoboratc, perchlorate, or sulfamate 
have received some attention, almost all acid >zinc plating employs 
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the sulfate bath, chloride bath, or a mixed chloride-sulfate bath. To 
furnish metal ions', zinc sulfate or zinc chloride is either purchased or 
prepared by dissolving zinc in acid. Concentrations of 32 to 54 
oz/gal of ZnS04-7H20 or of 10 to 32 oz/gal of zinc chloride are used. 
Although zinc sulfate is a moderately good conductor, chlorides of 
sodium, ammonium, zinc, or aluminum improve the conductivity 
somewhat.^^'^^^ The addition of free acid improves the conductivity. 
Acetates and aluminum salts have sometimes been used as buffers.^® 
The most common addition agents are dextrin, licorice, glucosp, 
and gelatin. Others which have been used arc molasses; ^-naphthol; 
goulac; cresylic acid; sulfonated cresols, phenols, and anthraquinonA; 
sodium bisulfite; soaproot; silicic acid; caffeine; glycerin; and a 
variety of organic condensation products. Many others have beeri 
suggested. These substances are claimed to promote smoother, \ 
brighter deposits; i.o widen the operating ranges of temperature, pH, 
and curi*ent density; to iHistraiii sjnay; and to control anode efficiency. 

SULFATE-TYPE ACID BATHS 


Tjqhcal compositions of the sulfate-type acid zinc plating bath 
follow: 



Ounces 

Grams 


Ounces 

G rair 


tier 

per 


l)cr 

per 

Bath A 

Gallon 

Liter 

Bath C " 

Gallon 

latei 

ZnS04’71L0 

32 

240 

Zn804 -71120 

18 

300 

NH4CI 

2 

15 

NH4CI 

4 

30 

Al2(S04)3-18ir20 

4 

30 

NaC2ll302-31l20 

2 

15 

Licorice 

0,13 

1 

Glucose 

i(i 

120 

Bath B « 



Bath D 



ZnS04-7H20 

54 

410 

ZnS04- 71120 

32 

240 

AlCb-GHiO 

3 

20 

NaCoHaOa^HzO 

2 

15 

Na2S04 

10 

75 

Al2(S04)3-lHH20 

4 

30 




Licorice 

0.13 

1 


Considerable variations from the formulas may be_inade without ap- 
preciably affecting results. Barrel plating baths containing 4.5 Ib/gal 
ZnS04-7H20 have been used. The composition of two sulfate-type 
baths used in large scale plating of strip steel is given on page 453. 

Operating Conditions 
CATHODE CURRENT DENSITY 

For still tank plating, 10 to 30 amp/sq ft may be used; with agitation, 
higher current densities arc permissible, especially on certain classes 
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of work. Special baths used for plating wire operate as high as 2000 
amp/sq ft.^"® The anode current density is not critical. 

TEMPERATURE 

For most purposes, 24° to 30°C produce the most lustrous deposits 
and the best throwing power; but, where these are unimportant, much 
higher temperatures may be used. 

pn RANGE 

The common operating pH is 3.5 to 4.5. It is not critical, but for 
uniform results it should be held within 0.3 unit. For barrel plating 
the pH should be greater than 5.0. 

CURRENT EFFICIENCIES 

Both anode and cathode current efficiencies are substantially 100%, 
and plant firactice closely approaches this valu(‘. Certain impurities 
may cut the cathode efficiency, which may also drop at very low cur- 
rent densities (less than 0.1 amp/sq ft) on certain surfaces.^^ 

THROWING POWER 

As measured in the Haring-Blum cell,^^*^^ the throwing power varies 
from —3 to 4%. Increasing the sulfate content of the bath has little 
effect on throwing power.®* A preliminary “strike'^ deposit 

from a cyanide zinc or cadmium bath often results in deposition in 
recesses which othcr\use could not be coated in an acid bath. 

CONDUCTIVITY AND POLARIZATION 

The specific resistivity of zinc sulfate solutions in the recommended 
strengths is 18 to 23 ohm-cm at 25°C and is not much reduced by 
the customary additions. Polarization at both anode and cathode is 
quite low, less than 0.1 

Maintenance and Control 


FILTRATION 

Continuous filtration is custoraaiy in large, continuous plating in- 
stallations, but not in still tank operations because in these operations 
suspended matter settles to the bottom during idle periods and thus 
rough deposits and unattractive blue color of the plate are avoided. 

PURIFICATION 

Although zinc deposition is quite sensitive to metallic impurities, 
this -is seldom more than a transient problem in practice, because most 
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of the troublesome metals arc plated out by displacement on the anodes 
during idle periods: 

Cu+^" + Zn = Cu + Zn^-+ 

Ini purity in Anocip Deposit Jn Nolution 

solution on anode 

Deposited impurities on the anodes are eliminated by removing the 
anodes, dipping them in acid, and scrubbing. Precipitated impurities 
not removed in this way largely drop into the sludge but may redis- 
solve anodically during operation, so that this automatic purificatiejn 
is less effective when the bath is in use. Arsenic, which is occasionalw 
an impurity in the acid, is troublesome even though it may be volatilV 
ized as arsine as well as removed by disi)lacement on the zinc. \ 

In operation, iron salts are carried into the bath on the work, for\ 
rinsing is rarely complete after the acid treatment. The iron concen- 
tration in an opci’ating bath is commonly 2 to 10 g/1; with higher con- 
centrations, and especially at high current densities, iron is code- 
posited with the zinc, but it seems to have no noticeable effects on ap- 
pearance, physical properties, or corrosion protection of the coatings. 

When the pH exceeds 4, iron oxidized by dissolved oxygen often 
I)recipitates as hydrous ferric oxide, but this seems to have^no effect 
on the electrodeposits. The precipitation may be used to remove ex- 
cessive amounts of iron from the bath, pumping air through the bath 
or using hydrogen peroxide or manganese dioxide to accelerate the 
oxidation; traces of arsenic and other impurities are absorbed in the 
precipitate and will be removed. During electrolysis, dissolved ferric 
salts reduce the cathode eflicicncy, but they arc quickly converted to 
the ferrous state at the zinc surfaces, and the efficiency is then restored. 

At very high current densities traces of metallic impurities are 
much more troublesome. The purilication process may be promoted 
by providing greatly enlarged zinc surface by stirring in zinc dust 
(which appears to be as effective as plating at low current densities, 
as is sometimes done with nickel baths). Tellurium, from tellurium 
lead piping, produces a poor color of the deposits."*^ Organic impuri- 
ties, which also may be exceedingly troublesome, are removed, along 
with organic addition agents, by treatment with activated carbon. 
Rubber should always be tested in the bath before being used for 
tank linings. A new bath often shows better deposits after being 
used for several hours because of the elimination of impurities. 

’•‘Contrary to a previous report \ Trans. Electrochem. Soc., 89 , 290 (1946)1, 
germanium is troublesome at liigh current densities; but it has never been de- 
tected in commercial baths. 
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■PHYSICAL CONTROL 

For pH delerminations the glass electrode has practically re- 
placed tlie quinhydrone electrode, but colorimetric methods are also 
common; the latter read 0.3 to 0.5 unit higher than the former, 
as in the case of nickel baths. 

A zinc sulfate solution is always sufficiently acidic to attack 
the anodes slowly. As the acid is consumed, the pH rises until 
hydrous zinc oxide or basic salts precipitate and form a film on 
the anode so that further action is retarded. When the pH ex- 
ceeds 4.2, the attack on the anodes becomes very slow, and it is 
rare to find a pH much above 5. 

In operation, acid is added to lower the pH; and, as it is con- 
stantly but slowly consumed at the anode surfaces, it must be 
replenished periodically. Consumption runs about 15 to 75 ml 
of sulfuric acid (sp. gr. 1.84) for every 1000 1 in 4 hr. Replenish- 
ments should be so made as to maintain a uniform pH throughout 
the bath. The pH is commonly between 3.5 and 4.5, although it 
may be much lower. 

The steady consumption of acid corresponds to the continual 
formation of zinc sulfate, which tends to compensate for that lost 
by drag-out of the bath on the finished work. If the drag-out 
losses arc excessive, so that the zinc content of the bath becomes 
too low, then more acid must be added during idle or even working 
periods, or zinc sulfate as such must be added. Continual need 
for such corrections indicates extraordinary losses of solution, as 
by leakage. If, on the other hand, the zinc content becomes too 
high, the rate of acid attack on the anodes must be decreased by 
operating at lower temperatures, or by using purer anodes, which 
arc less actively attacked. Components of the bath other than 
zinc sulfate must be replenished as they are lost by drag-out; 
usually such corrections are not at all critical. 

For barrel plating, acid zinc baths must be operated at high pH 
values, usually above 5. The pH is conveniently maintained by 
keeping a little zinc oxide suspended in the bath. 

OPERATION WITH INSOLUBLE ANODES 

Lead alloy or silicon-iron anodes may be employed. At the 
anode, instead of dissolving zinc, oxygen is liberated and acid is 
formed: 


H 2 O §02 + 2H+ + 2e- 
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The complete reaction in the plating cell is 

ZnS04 H” ^ Zn IT2SO4 ^02 

As zinc is plated out and acid accumulates, the cathode efficiency is 
lowered. The metal content is then restored by dissolving scrap zinc, 
zinc dust, or zinc oxide in the accumulated acid. The procedure is 
used chiefly for galvanizing wire and sheet steel, which is discussed 
next. 


Plating Strip Sti:et. and Wire 

The plating of wire and strip steel presents problems different froVi 
plating formed parts. Among the more important proi)erties of these 
electroplating baths are (1) fine grain structure of deposit at high cur\ 
rent density, (2) high conductivity, (3) ease of control, (4) insensitivA 
ity to variation in both composition and impurities, and (5) high speed 
deposition. Thiowing power be(‘.omes imim]iortant because the sur- 
faces have no recesses in which zinc must be i)lated. The usual cyanide 
and acid zinc sulfate baths have been used for plating strip and wire 
products for many years. The Tainton process ■’ for electrowinning 
zinc was developed about 1930. In this process the zinc is ob- 
tained l)y leaching roasted zinc concentrates with strong suffuric acid 
(33 oz/gal free sulfuric acid) that is regenerated in the plating cell. 
This leaching solution is i)urified by neutralization with the calcined 
zinc concentrates, filtration, zinc dust treatment, and filtration to re- 
move the impurities. The purified electrolyte (containing 29 oz/gal 
of zinc sulfate) is then added to the recirculating plating cell solu- 
tion. Insoluble lead-silver alloy anodes are employed. The electro- 
lyte has a high conductivity since it contains about 33 oz/gal of free 
sulfuric acid. With the vigorous agitation found in electroplating wire, 
current densities of 1000 to 3000 amp/sq ft are used. Special polishing 
dies are employed to densify the plated coating. 

CHJ. OKI DE-TYPE ACID BATHS 

For electroplating sheet and strip steel, several all-chloride plating 
baths are in use. One of these * is similar to one of the batlis listed 
on page 440, since it contains sodiuuj acetate as a buffer. One solution 
used for a sheet steel electroplating oj)eration is of the following com- 
position : 

*PrivMlc fouinnimcation fu)m K. J, Sinilh, Wpirlon Steel Coi ji , Weirton, 
\N'. Va. 
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ZnCl2 18 oz/gal (135 g/l) 

NaCi 31 oz/gal (230 g/l) 

AICI3 • 6H2O 3 oz/gal (22 . 5 g/l) 

pH 3. 0-4.0 

This is recognized as a modified Thompson bath.^^ It is easy to 
control, and the bath composition is not critical. The buildup of iron 
in the electrolyte may become a problem by lowering the cathode cur- 
lent efficiency. The aluminum in the plating l)ath makes filtration 
difficult. Should it become necessary, the iron may be removed by 
allowing it to settle out, after zinc oxide has been added to adjust 
the pH. 

More recent work^'f’'^'^ has indicated that there are other all- 
chloride baths with good plating characteristics. Typical composi- 
tions of these baths are: 

Bath A * 


ZnCl2 

26- 32.4 oz/gal 

(195-244 g/l) 

NH4CI 

32-38 oz/gal 

(244-292 g/l) 

Bath B * 

Z11CI2 

13.2 oz/gal 

(100 g/l) 

NH4CI 

19.8 oz/gal 

(150 g/l) 

Bath C 20 

ZriCh 

10-20 oz/gal 

(76-152 g/l) 

NaCl 

10-20 oz/gal 

(76-152 g/l) 

NaF (or F ~) 

0.3-2.2 oz/gal 

(2.3-16.6 g/l) 

AICI3 (or alkaline earth) 

0.2 oz/gal 

(1.5 g/I) 

pll 

4.8 5.4 



In bath A, the resistivity of the electrolyte varies from 2.5 ohm-cm 
at room temperature to 1.8 at 55°C. Good deposits are obtained, de- 
lieiiding on cathode surface speed, at temperatures from room tempera- 
ture to 65 "’C, and current densities from 100 to 1000 amp/sq ft. The 
preferred pH is above 3.8, so that ferric iron may be filtered out. It 
may vary, however, between 2 and 5. Bath B gives similar results at 
current densities up to 500 amp/sq ft. It has a resistivity of 2.6 ohm- 
cin at 55°C’ Bath C is similar to the modified Thompson bath men- 
tioned above, except that it contains fluorides. These fluorides form 
a complex ion with the i^on in solution and prevent the alternate 
oxidation and reduction at the electrodes, with corresponding loss in 
cathode current efficiency. 

* By New Jersey Zinc Company, Palmerlon, Ph. (private communication from 
E. A. Anderson). 

t By Republic Steel Corp., Cleveland, Ohio. 
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Operating Conditions 

The cathode current efficiency of chloride-typc baths is usually 95 
to 100%, and the anode current efficiency is usually in excess of 100%. 
In operating an acid bath in electroplating strip steel, it is apparent 
that there arc a number of interdependent parameters. Among these 
are (1) strip speed, (2) current density, (3) concentration of Zn^-+, 
(4) pH, and (5) temperature. Increased strip speed permits higher 
current density with a given zinc ion concentration. The bath con- 
ductivity is related to pH, temperature, and concentration of conduetl- 
ing salts; anode and cathode current efficiencies are related to pH\ 
temperature, and purity of anodes and electrolytes. In commercial^ 
operation it is necessary to balance these various parameters. 

The principal advantages of the all-chloride bath are its high con- 
ductivity and high permissible cathode current density with high 
cathode speed. Both of these give lower plating costs. One of the 
disadvantages of chloride baths is their corrosiveness to surrounding 
equipment. Special precautions must be used in designing the equi])- 
ment with this in mind. Another problem is the liberation of chlorhui 
where insoluble anode connectors are used. This requires zinc anode 
conductors in the electrolyte, and these must be replaced jxu’iodically. 

As in all acid baths, consideration must be given to the chemical 
solution of the zinc anodes. The anode current efficiency is usually 
found to be over 100%. This compares to a cathode current efficiency 
of 95 to 100%. A small difference between anode and cathode cur- 
rent efficiencies is desirable to compensate for losses of the electrolyte 
carried out by the plated product. Should the anode current efficiency 
be too high, there are several remedies which may be used Other 
factors being equal, the higher the purity of the anode zinc, the lower 
will be the anode efficiency. In one plant, Prime Western zinc was 
found to be unsuitable for anodes. In general, the higher the pH of 
the electrolyte, the lower will be the anode current efficiency. Alloying 
aluminum with zinc for casting anodes has been found to reduce 
crystal size of the anodes and also to lower the rate of anode solution. 
If the anodes arc left in the electrolyte continuously, the zine-alumi- 
nuni-mcrcury (ZAM) anodes may be found necessary. This alloy 
is more expensive, and its use may cause mercury spots on the product 
if the anodes are located above the cathode. If the cathode is not 
below the anodes, this alloy has been found satisfactory. 
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ZINC-AMMONIA. BATH ■ 

A high conducthdty zinc-ammcmia electroplating bath has been de- 
veloped by Hiibbcll and Weisberg/'^- This bath consists of a tctram- 
mine salt of zinc in an excess of ammonia.* Ammonium chloride is 
used as a conducting salt. The bath should contain more than 10.6 
oz/gal of zinc. With a moving cathode, the current density may be 
from 500 to 1000 amp/sq ft. Insoluble anodes are used. 

The electrolyte may be prepared by leacliing oxidized zinc com- 
pounds with the regenerated ammoniacal chloride or sulfate solution 
from the plating cell. Sally skimmings (sal-ammoniac from the hot- 
dip galvanizing process) and other low grade zinc-bearing materials 
containing chlorides, sulfates, and carbonates may be used as a source 
of zinc. Since this process may use these low cost sources of zinc, it 
is probable that it will be given more attention in the future. 

SULFATE ELECTROPLATING BATHS FOR 
STRIP AND WIRE 

All -sulfate electroplating baths have also been used in commercially 
plating zinc on steel wire and strip. Two typical baths follow. 



Bath A ♦ 

]{atli B t 

ZnS04-7H20 

50 oz/gal (380 g/1) 

47 oz/gal (350 g/l) 

Metallic Zii 

11.5 oz/gal (87 g/l) 


NazSOi 

9.5 oz/gal (72 g/l) 


MgS04-7H20 

8.0 oz/gal (61 g/l) 


(NH4)2S04 


4 oz/gal (30 g/l) 

pH 

3.0-4 .0 

3-4.5 

Temperature, °F 

135-150 

100-130 

Current density 

250-400 amp/sq ft 

100-600 amp/sq ft 

Voltage required 

8-12 V 



* Developed by Weirton Steel Corp., Weirton, W. Va.; data in private com- 
munication by E. J. Smith. 

t Developed by Republic Steel Corp., Cleveland, Ohio; data in private com- 
munication. 

These batlis are giving good results in commercial operation. In 
use, the cathode speed si ould exceed 100 ft/min with the higher cur- 
rent densities. Cathode current efficiencies are over 90%, and anode 
current efficiencies are approximately 100%. 

♦The bath is therefore not an acid bath, but is included here for the sake of 
completeness. 
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These baths are relatively non-corrosive. Insoluble anode connec- 
tions (usually lead or carbon) may be used without excessive corro- 
sion or the liberation of chlorine, found in some chloride baths. The 
solutions are easily purified by filtration. The principal disadvantage 
is their relatively low conductivity; thus high current density opera- 
tion may require 12 v. It is evident that these advantages must be 
balanced against the higher cost of installation and operation for elec- 
trical equijiment required by the use of these all-sulfate elcctrogalvan- 
izing baths. 

When selecting the acid plating bath to be used for plating zincJ 
many factors must be considered. If the cathode current density is\ 
low, the conventional zinc sulfate bath is preferable. In plating rap- 
idly moving steel sheets, strip, or wire, the choice is between a low 
conductivity electrolyte, such as the sulfate type, which has gOod 
operating characteristics and is relatively non-corrosive, and a high 
conductivity solution, which is corrosive and presents difficulties in 
certain operational features. The latter class includes both the all- 
chloride and Tainton solutions. The present trend seems to be in 
favor of the less corrosive sulfate baths. It is believed that the low 
operating cost of high conductivity baths (all-chloride, strong sulfuric 
acid and zinc-ammonia) will spur research workers to find means for 
overcoming their disadvantages. This will become increasingly im- 
portant as heavier coating weight and higher operating speeds are 
needed by industry. 

ZINC ANODES 

Three grades of zinc are in use: Prime Western spelter, often as high 
as 98.5% Zn; so-called ‘intermediate,'’ 99.5 to 99.8% Zn; and high pur- 
ity, 99.95 to 99.99% Zn. In casting, a uniform grain size is sought so 
that the anodes corrode evenly in the bath without forming undue 
quantities of sludge from undissolved zinc particles, which may give 
rise to rough or pitted deposits. Cloth bags are sometimes used on 
anodes to confine any sludge formed. 

Cadmium in concentrations exceeding 0.1% rcprccipitates on both 
anode and cathode, forming poorly conducting films on the former, 
and rough, pitted, semi-spongy deposits on the latter.*- Iron dis- 
solves harmlessly into the solution, while lead, generally the main im- 
purity, enters the sludge. However, large quantities of lead dissolve 
sufficiently to redeposit on the anode as ‘"whiskers" and to discolor the 
cathode deposits. 

* Under certain conditions a Zn-Cd alloy may be plated with insoluble anodes 
from an acid bath See Ref. 23. 
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A good intermediate grade of anode gave the following spectro- 
graphic, analysis: * Pb, 0.08%; Sn, 0.002%; Cd, .0.08%; Cii, O.Ol^o; 
Fe, 0.01%; Mg, 0.005%; Al, trace; Zn by difference, 99.81%. Less 
pure anodes are satisfactory if the sludge formed during electrolysis 
is properly disposed of, or if the color of the electroplate is unim- 
portant. 

No difficulties are encountered with anode corrosion, except when 
localized neutralization of acid at the zinc surface causes a heavy crust 
of precipitated basic com})ounds of zinc, iron, lead, aluminum, and 
other metals; particles of metallic zinc, cadmium, copper, and lead 
are often included. Although anode efficiency is not impaired, the 
ohmic resistance cuts the current to a low value. Operating at lower 
pll or with better agitation of the electrolyte at the anode will prevent 
crust formation. Since high purity anodes are less ra^iidly attacked 
by acid, the tendency to form crusts is less noticeable. Baths contain- 
ing aluminum are more troublesome than others, for film formation 
starts at a pH of 4.0. 

Alloying additions to the anodes,^' such as mcrcuiy, aluminum, 
Jiiagnesium, and calcium, are not necessary in sulfuric acid-zinc baths. 
When using a chloride bath, alloying aluminum or other metals with 
llie zinc anodes may be found helpful in controlling high anode cor- 
rosion and the increase of zinc in the bath. 


ANALYTICAL METHODS 

H'mv.v a(‘id ziin; baths are not very sensitive to changes in composi- 
llon, frequent analyses are unnecessary. The metal content is auto- 
matically maintained, as has already been discussed. It is generally 
determined with sufficient accuracy by making specific gravity read- 
ings with a hydrometer. If desired, it may be determined by ferro- 
cyanide titration just as for cyanide-zinc baths. Chlorides may be 
estimated as silver chloride; and ammonium salts by decomposition 
with sodium hydroxide, the ammonia being taken up in standard acid, 
as is common ]n‘acticc with nickel baths. Addition agents may be de- 
termined by the use of the Hull cell.^*^ 

PREPARATION OF BASIS METALS 

In general, an alkaline cleaning step is used to remove oily or greasy 
material, followed by acid treatment of sufficient intensity and dura- 

* Analysis by John Alexander, University of Wisconsin, Madison, Wis 
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tion to remove oxide films, with appropriate rinsing. Because acid 
zinc baths have no detergent properties, cleaning and rinsing must be 
meticulously thorough. Whereas alkaline plating baths, particularly 
where the cathode efficiency is low, are able to cope to some extent 
with residual soils on the basis metal, the acid zinc bath demands 
much better surface preparation.^*^ 

In practice, the alkaline cleaning baths are composed of mixtures 
of sodium hydroxide and sodium carbonate, phosphates, and silicates; 
the effective agents, however, appear to be soaps formed by saponifi- 
cation of certain oils in the batli; of the inorganic salts, only the 
silicates have detergent properties of their own. Agitation of the bath 
is very important. It is effected by sprays, by tumbling procedures, 
or by gas evolved by electrolysis, that is, the so-called '‘electrolytic 
cleaning.” In this process the work may be either anode or cathode, 
but the current density should be at least 50 amp/sq ft. The tem- 
perature for all types of cleaning should exceed 90°C. Tlie solution 
may be 4 to 6 oz/gal sodium metasilicate. 

Rinsing must be thorough, for fatty acid or other films precipitated 
from residual alkaline solution by the acid dip will either prevent zinc 
deposition or the deposits will be non-adherent. The acid treatment 
is commonly in sulfuric acid 5 to 10% by weight, at 50° to 70°C. For 
cold-rolled steel, about 20% by weight hydrochloric acid at room tem- 
perature is used. The time of immersion is chosen to remove the oxide 
on the work, and it varies from a few seconds to 15 min. 

During acid treatment, hydrogen is absorbed by the steel, which 
accordingly may be cmbrittled.'‘ Since hydrogen does not readily dif- 
fuse out through the zinc coating, the embrittlement is not spontane- 
ously relieved, as with more permeable coatings such as nickel. Care- 
ful studies have shown that no significant embrittlement occurs except 
in very sensitive steels during plating in acid zinc baths. To avoid 
embrittlement, therefore, the acid treatment should be kept as mild 
and short as possible, and h^ujrochloric rather than sulfuric acid should 
be used. Anodic pickling is sometimes employed. Inhibitors in the 
acid reduce embrittlement but may cause faulty adhesion of the zinc 
unless removed from the steel by special treatments.* 

Blistering of zinc plate is the result of inadequate cleaning, but it 
may be aggravated by excessive hydrogen absorption. Occasionally 
temporary relief may be had by adding acid to the plating bath so 
as to produce a porous coating through which hydrogen may escape; 
but the trouble originates in faulty preparation of the basis metal. 

’•'By plating in a cyanide bath, the inhibitor film is removed; but cyanide 
plating in itself may load to embrittlement. 
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Cast iron may be pickled in weak hydrofluoric acid, but, since a 
state is quickly reached in which the iron will not accept a zinc coat- 
ing, sand blasting or tumbling with sand and water is preferred. 

With suitable preparation adhesion of the deposit exceeding the 
tensile strength of zinc is obtained. Although buffing and polishing 
are seldom practiced, occasionally the zinc coating is given a light 
brushing or rolling. 


TESTS OF DEPOSITS 

It has been established that corrosion protection depends primarily 
on the thickness or weight of the deposit.^^ Since protection is the 
])urpose of zinc coating, the measurement of thickness is of first im- 
j)ortance. 

The minimum thicknesses on significant surfaces recommended by 
a joint committee of the American Society for Testing Materials and 
the American Electroplaters^ Society are: “G.S.,” 0.025 mm (0.001 
in.) ; “L.S.,^' 0.013 mm (0.0005 in.) ; “R.S.,” 0.0038 mm (0.00015 in.).''^ 
Experience indicates that the “G.S.” coating is adequate tor general 
outdoor service except in certain industrial atmospheres.*-"^ The so- 
called “commercial’’ zinc coatings run about 0.008 mm (0.0003 in.). 
The “R.S.” coatings are suitable only for indoor or temporary use. 


Accelerated Corrosion Tests 

The widely used salt (fog) spray test has been shown to be value- 
less except in comparing similar coatings, and even then minimum 
thickness measurements are superior. The salt (fog) spray test does 
not indicate performance of zinc-plated steel in rural, industrial, and 
other atmospheres. No satisfactory accelerated corrosion test has 
been devised for zinc-plated steel. 


’ Thickness Tests 

The test approved by the joint committee is the microscope test.^^® 
The requirements of elaborate apparatus and exceptional skill in pol- 

*The Galviinizprs' Committee of the American Zinc Institute specifies 2 
oz/sq ft for the best grade of hot galvanized sheet for general outdoor use. This 
figure includes coatings on both sides, and corresponds to an average thickness 
of 0.046 mm (0.0018 in.). Local thicknesses are sometimes k'ss than half this 
figure. 
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ishing the soft zinc on hard steel have prevented general adoption of 
the test. 

The most reliable test is the stripping test. One stripping solution 
has the following composition. To 100 ml of hydrochloric acid (sj). 
gr. 1.19) add 5 ml of a solution of 20 g of antimony oxide in 1 liter of 
hydrochloric acid. Zinc may also be stripped in strong, boiling so- 
dium hydroxide. From the loss of weight and the area involved, the 
average coating thickness may be calculated. Variations of the test 
measure the hydrogen evolved, the temperature rise under standard 
conditions, the change in conductance of the stripi)ing solution, or the 
time required for stripping. 

To determine the thickness of zinc plate at a given point magnetic 
methods are employed. Dropping tests arc also used. Typical 
solutions '’^ consist of ammonium nitrate, 100 g/1, and nitric acid (sp. 
gr. 1,42), 55 g/1; or-’^ of chromic acid, 200 g/1, and sulfuric acid, 50 
g/1. Either solution is dropped at a rate of 90 to 110 drops per min- 
ute. Each second required for penetration to the steel base represents 
0.00025 mm (0.00001 in.) thickness with the former solution at 23® 
to 27®C, and with the latter solution at 22°C. Correction tables for 
other temperatures are available.'^*^ The test is simple, convenient, 
and accurate within 20%, but often it is very difficult to see the end- 
point. The copper sulfate, or Precce, test is quite misleading even 
when carefully controlled.-'’''^ It is unfortunate that the method per- 
sists in general use. 

Acid zinc deposits have a gray or white color, matte finish, and occa- 
sionally some luster. Adhesion tests consist in bending the plated 
metal in various ways; the zinc plate should neither crack nor peel. 
The Brinell hardness of electroplated zinc is about 40 to 50.^®-^’’ 
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CYANIDE ZINC 

R. R. JiAIR* AND L, J. ScHUSTIK *1 


The cyanide elec.trolytc is finding an increasingly wide field of ap- 
plication in zinc plating because of its ability to give practically any 
type of deposit ranging from white matte with excellent ductility to 
mirror bright deposits. The matte zinc deposit is generally used where 
rust protection or ductility is of prime importance, whereas the bright 
plating baths find api)lication on articles requiring both corrosion pro- 
tection and eye ai)peal. The cyanide bath is versatile in producing 
deposits of widely varying appearance and has excellent throwing 
power. These factors have firmly established the high position of 
cyanide zinc plating in industry. 

Literature references indicate that zinc was i)lated from a cyanide 
type of bath as early as 1907 by Snowden,^ but most of the develop- 
ment in cyanide zinc baths has occurred since 1919. This is partic- 
ularly true of the bright plating baths. Proctor ^ was among the first 
to recommend the commercial use of cyanide zinc baths, giving three 
formulas for specific uses. Eichstaedt described a solution compo- 
sition for depositing a zinc-tin alloy. 

One of the first authoritative investigations of cyanide zinc baths 
was that of Blum, Liscomb, and Carson,^ who developed the funda- 
mental chemistry and gave definite recommendations for bath com- 
position and operating conditions. Wernlund ^ reported results of an 
extended study of addition agents. Horsch and Fuwa made an ex- 
tensive study of throwing power and current efficiencies of zinc plating 
baths and concluded that the cyanide is superior to the acid bath. 

Another important line of investigations concerned the study of 
alloy anodes for plating zinc from cyanide solutions. Meicury was 
the first successful alloying metal used for this purpose."^"® Further 
investigation indicated the value of aluminum and magnesium and 
calcium as alloy agents. Mercury, when present in zinc anodes, will 
also be found in zinc deposits from cyanide baths. The function of 
the mercury is to improve the appearance of the deposits. The alloy- 

* E. I- du Pont do Nemours & Co., Inc., Niagara Falls, N. Y. 

t E. I. du Pont do Nemours & Co., Inc., Chicago, III. 



ZINC 


461 


ing of aluminum, magnesium, or calcium with zinc is performed pri- 
marily to reduce the electrochemical solubility of the zinc. These 
alloy anodes will operate at the same approximate efficiency as is nor- 
mally obtained at the cathode. 

A more recent development in cj^anide zinc baths has been the in- 
troduction of several bright plating processes which give deposits 
having from a semi-briglit luster to a brilliant surface, resembling 
chromium. Other recent developments are the bright dips which im- 
part corrosion resistance to the zinc surface and greatly enhance the 
brightness of the deposit. Some of these dips contain chromates or 
chromic acid or both. These developments have resulted in wider ap- 
plications for zinc plating, when appearance and excellent rust-pro- 
tcctive qualities must be combined with freedom from stain. 

Cyanide baths are now used to a limited extent for the plating of 
steel strip, and this application is expected to grow. Bright zinc plat- 
ing from cyanide baths fills the need for a relatively low cost means 
of preventing corrosion on ferrous metal parts. In numerous instances, 
cyanide zinc plating has replaced bright cadmium plating to good ad- 
vantage because of its lower cost, greater availability, and versatility. 
Many more metal })arts aj’e now being plated than ever before, and 
tlie propcirties imparted by zinc have given this metal a high place in 
tlie electroplating industry. 


PRINCIPLES 

The chemistry of cyanide zinc solutions has been discussed by a 
number of investigators who agree that zinc can be deposited satisfac- 
torily from cyanide solutions only if a mixture of sodium zincate and 
sodium zinc cyanide complexes, with an excess of sodium cyanide or 
sodium hydroxide or both, is present. 

Comi)arison of a solution of sodium zincate and sodium hydroxide 
with a solution of the sodium zinc cyanide complex (which must neces- 
sarily contain some sodium zincate) shows by plating tests that it is 
essential to have all three primary constituents present to produce 
consistently high grade deposits at high cathode efficiencies. From the 
sodium zincate bath, spongy and poor quality deposits may be ob- 
tained at high current cffic.encies and at very low current densities. 
White, matte deposits are obtained from the sodium zinc cyanide bath 
at high current densities and low efficiencies. Only after sodium cya- 
nide has been added to the zincate bath are worth-while deposits ob- 
tained at reasonably high cathode efficiencies. The functions of so- 
dium cyanide are: (1) to combine with the zinc to form soluble com- 
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plexes, and (2) to provide a control method for the appearance of de- 
posits. Current efficiency is also closely dependent on the sodium 
cyanide content; hence close control of the cyanide concentration is 
necessary in order to obtain good quality of deposit at high current 
efficiencies. 

The exact ratio of sodium zincate to the sodium zinc cyanide com- 
l)lex is impossible to determine, but Hull and Wernlund had indica- 
tions that 75 to 90% of the zinc metal is present in the bath as sodium 
zincate and the balance as sodium zinc cyanide. The equilibrium is 
affected by the relative concentration of uncombined sodium cyaniq 
and sodium hydroxide in the bath. Zinc ions are available in the soliiV 
tion from both sodium zincate and the complex sodium zinc cyanide) 
The following equations show the probable ionization: 

(1) Na 2 Zn(CN )4 — 2Na + Zn(CN) 4 "'‘ 

Zn(CN)4’' = Zn++ + 4(CN)“‘ 

(2) Na 2 Zn(C)N )4 + •INaOll = NaaZnOs + 4Na(^N + 2 H 2 O 

(3) Na2Zn02 = 2Na+ + ZnOa^ 

Zn02= + 2 T-I 2 O = Zn+-^ + 4(011)“' 

0 

These equations indicate the conii)lexity of the cyanide zinc plating 
solutioji. The solution constituents can be controlled by analysis, so 
that satisfactory resuHs can be obtained from the cyanide zinc solu- 
tion. The basic constituents which require analytical control are: (1) 
zinc metal, (2) sodium cyanide, (3) sodium hydroxide, and (4) me- 
tallic addition agents that may be used. Whei’cas the first three of 
the above are interdependent, the most imi)ortant i-elationship is be- 
tween sodium cyanide and zinc metal. 

A term used universally in exiiressing the composition of cyanide 
zinc solutions is the ratio of all CN" present, expressed as NaCN, to 
the zinc metal. The total CN" is calculated from the sum of the free 
sodium cyanide and the sodium cyanide equivalent of the zinc cyanide 
in the bath. The optimum value for this ratio is iiTfected by the so- 
dium hydroxide and metal concentrations. The expression of ‘h’atio’' 
applies to all cyanide zinc baths. 

The addition of various secondary salts has been proposed for im- 
provement of either plate quality or electrical efficiency. Sodium 
fluoride or aluminum salts are reported to whiten the deposits, and 
mercury, to a certain extent, improA^es throwing power and whitens 
the deposit. There is still a third class of metallic addition agents, 
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such as niolybdcniiiu aii(i chromiuiii,^'"-^"’ which are used primarily in 
conjuncijon with organic brightenci's. 


Current Eeuciency 

The following discussion indicates the effect on efficiency of vary- 
ing the concentrations of the principal constituents. 

METAL 

Zinc, dissolved in the bath in the foj'in of sodium zinc cyanide or 
s(Klium zincate, is tlic source of metal for deposition on the work. Be- 



cause ol tli(‘ dissociation of the sodium zinc cyanide or the sodium 
zincate couij)l(‘xes or both to form zinc ions, zinc can be plated from 
cyanide zinic solutions. 

All other conditions being unchanged, the efficiency of cyanide zinc 
solutions incre.ases as t he iretal content of the bath is increased. This 
results in a decrease of brightness of deposit, owing primarily to an 
increase in cathode efliciency. Tliis effect can be offset by other varia- 
tions in tlie batli or in ojierating conditions, as will be discussed later. 
The effc(‘-t of metal concentration on the efficiency of a commercial 
cyanide zinc solution is shown in Fig. 1. 
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TOTAL CYANIDE 

There is a definilc relation between the concentrations of zinc and 
of total sodium cyanide for optimum results. This ratio, for most 
operations, co'v^crs a range of 2 to 3 of total cyanide to 1 of zinc. In 
general, as the ratio of total cyanide to zinc is increased, the cathode 
efficiency is decreased, and the deposits change from dulle matte to 
bright. The effect of the ratio variation shown in Fig. 2 may be offset 



Cathode current density, amp/sq ft 
2. t]ffoft of ratio on cathode efficiency. 

completely by variations in operating temperature or overcome par- 
tially by variations in metal content, 

CAUSTIC (sodium hydboxide) 

Cyanide zinc baths may be operated satisfactorily with a caustic 
range of approximately 7. to 16 oz/gal, optimum concentrations being 
10 to 12. Concentrations of caustic below 7 oz/gal will cause grainy 
deposits at a low cathode efficiency. As the caustic content of the 
bath is increased and approaches 14 to 16 oz/gal, the bath conductiv- 
ity is improved and the cathode efficiency is increased. The curves 
in Fig. 3 show the effect of increasing the caustic content on the cur- 
rent efficienc}^ of a commercial bath. 

High caustic concentration in the bath will increase both the chem- 
ical and the electrochemical solubility of zinc anodes. This may be 
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a disadvantage in certain instances, since it may result in excessive 
buildup ’of metal in the bath. 



TEMPERATURE 

Another set of tonls useful to the zinc plater relates to variations 
in the operating conditions, temperature, and curient density. For 
any given bath formulation low temperatures decrease electrical effi- 
ciency and increase deposit brightness and throwing power. The con- 
verse of this is true, i.e., high oj)crating temperatures increase electrical 
efficiency and decrease the throwing power and brightness of deposit. 
Several of the proprietary organic brighteners arc not stable at tem- 
peratures in excess of 35 This feature limits the operator in ob- 
taining the maximum effect from high temperature operation. The 
curves in F^g. 4 show the variation of cathode efficiency versus current 
density at several temperatures. 

Current Density 

For any given bath composition and operating temperature, low 
current density deposit, such as that in recesses of irregularly shaped 
objects, tends to be cloudy. High current density points on the same 
article will be bright and will have appreciably thicker deposits. This 
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suggests operation at sufficiently high average current densities to be 
outside of the dull’ or hazy low current density range. Another ad- 
vantage of high current density operation is the relative improvement 
in plate distribution or throwing power. 



Cathode current density, amp/sq ft 
Fig. 4. Effect of temperature on cathode efficiency. 


Purification 

Purification of cyanide zinc solutions is required, since the presence 
of even traces of sucli metals as copper, lead, cadmium, silver, or tin 
will make the deposition of bright coatings very difficult, if not im- 
possible. The removal of contaminating metals is accomplished either 
chemically or electrolytically or by both methods. 

The required degree of purification is determined by the desired 
quality of dcjiosits. Plate from an unpurified bath may be dull and 
dark gray. It has little eye appeal and is generally used on parts that 
are concealed. Deposits from an adequately purified bath are uni- 
formly lustrous to bright, having an excellent appearance. Only thor- 
oughly purified cyanide zinc solutions will produce the typical bright 
zinc deposits. Proprietary brighteners usually increase to a limited 
extent the tolerance of the solution to metallic contamination. 

Metals such as cadmium and lead may be precipitated by the addi- 
tion of sodium sulfide or, preferably, sodium polysulfidc. The in- 
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soluble sulfides remain in the solution us a sludge which collects at 
the bottom of the tank. Because cojiper sulfide is ‘soluble in the cya- 
nide zinc solution, coiiper is removed by displacement with finely di- 
vided zinc dust. When a relatively large amount of contaminating 
copper is present, it may be necessary to repeat the zinc dust purifica- 
tion several times. 

Electrolytic purification is used foi* removal of the last traces of 
imjnirities. This method also has an advantage of iireferentially re- 
moving certain types of contaminants. For instance, Cr ' may be re- 
duced to Cr ^ and plated out by high ciii’rent density, low efficiency 
electrolysis, while tin and copper may be removed effectively by low 
current density, high efficiency electrolysis. The electrolytic method 
of purification is excellent, since it introduces no inert salts and does 
not iiiaterially change f he basic composition of the solution. 


l^ATING BAdTI FORMULAS, OPERATING CONDITIONS, 
AND MAINTENANCE 

The formulas recomiiK'nded for cyanide zinc plating baths may be 
divided conveniently into: (1) the conventional process, as described 
by Blum and Hoga))oom,“’ (2) the zinc-mercury process; and (3) the 
bright zinc processes. 


(Aaniok Bath without Addition Agents 


Ounces 

per 


Grams 

per 


Solution Composition 

Gallon 

Litci' 

Zinc cyanide, Zn(CN )2 

8 

()0 

Sodium cj^anide, NaCN 

3 

23 

Sodium hydroxide, NaOH 



(caustic soda) 

7 

53 


Operating Conditions 

l^emperature 40-50°C ( J 04°-122°10 

■ Current density 9.3-19 amp/sq ft 

Cathode current efficiency 90-95% 

Anodes, liigh grade 99.75% -f- zinc 


The solution composition should be maintained within ±10%, and 
the ratio of total sodium cyanide to zinc should be within the range 
2.0 to 2.5 to maintain good throwing and covering power. The bath 
is used for production of zinc coatings i)rimarily for rust protection 
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and serves admirably for this purpose. The zinc plate has good qual- 
ity and high ductility. 

To improve the whiteness and stain resistance of deposits from this 
type of bath, gum arabic with sodium fluoride and lead salt^^ have 
been patented as additions to the bath. 

The above cyanide bath without addition agents has been modified 
recently to permit rapid deposition, up to 125 amp/sq ft at high 
cathode current efficiency. The composition recommended for this 
purpose follows. 



Ounces 

Gj-ams 


per 

per 

Solution Conijjosition 

Gallon 

Liter 

Zinc cyanide, Zn(CN )2 

12 

90 

Sodium cyanide, NaCN 

5 

37.5 

Sodium hydroxide, NaOH 
(caustic soda) 

12 

90 

Operating Conditions 


Temperature 

104 158°F 


Current density 

55 110 amp/sq It 

Cathode current efficiency 

85-95% 


Anodes, high grade 

m).7ry% + zinc; 


Ztnc-Merci3ry Process 

This process ’’ depends on the production of a zinc-mercury alloy 
plate (0.5 to 1.0% Hg) which is smooth, white, and more pleasing in 
appearance than the plate from the straight cyanide bath. It com- 
pares favorably with the acid zinc i)rocess in this respect. 


Still Bariel 


Solution Composition 

oz/gal 

k/1 

oz/gal 

g/1 

Zinc cyanide, Zn(CN )2 

5 

37.5 

8 

60 

Sodium cyanide, NaCN 

3 

22.5 

4 

30 

Caustic soda, NaOH 

4 

30.0 

6 

45 

Mercury salt * 

0.03 

0.25 

0.03 

0.2 


Operating Conditions 


Temperature 

Anodes (intermediate or Prime Western) 

Anode current density 

Ratio anode to cathode surface 

Cathode current density 

Voltage 

Cathode current efficiency (25 amp/sq ft) 
Throwing power (Haring cell) 


86-122°F optimum (40°C) 104°E 
98.25% Zn + 0.5-1% Hg 
10-15 arap/sq ft 
2:1 

up to 40 amp/sq ft 
4-6 V at the tank 
90% 

35-40% 


* Any mercuric salt such as HgCb or HgO is dissolved in NaCN, 
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BATH MAINTENANCE AND CONTROL 

For go'od anode corrosion, not less than 4 v must bo maintained 
across the plating tank bus bars, and an anode current density of 
10 amp/sq ft should be used. If, under normal load, the tank voltage 
is less than 4, anodes are removed until the (U\sired voltage is secured. 

When properly operated, the solution contains from 0.013 to 0.027 
oz/gal of mercury cyanide. During wec'kends or other longer shut- 
downs, most of this merciuy deposits out on tlie anodes (by displace- 
ment), making it necessary to replenish the mercury in the bath by 
adding mercury salts before operation is resumed. During electrol- 
ysis, mercury codeposits with the zinc. If the bath builds up in 
zinc, about one-third of the zinc anodes may be replaced by steel 
anodes, preferably casehardened. Under normal operation, a brown 
film covers the zinc anodes, and uniform corrosion is maintained. The 
principal precaution to insure efficient anode performance is to avoid 
low anode current densities or excessive mercury salts in the bath, as 
either may result in mercury spots in the jdate. 

Since the bath is “self-imrifying,” only intermittent filtration of the 
solution is required to remove ferrocyanide and other insoluble salts. 
As in the case of the i)lain cyanide bath, all bath constituents should 
be maintained within ± 10% of the recommended concentrations. 

The zinc-mercuiy bath possesses good throwing power and good 
covering power (ability to plate readily at low current densities). 
The rust-protective value of the alloy deposit is about the same as 
that of an unalloyed zinc deposit. 

Bright Plating Baths 

The bright plating cyanide baths were introduced in 1935 and have 
come into widespread use, until, at the present time, they are among 
the foremost methods for obtaining good corrosion protection as well 
as excellent eye appeal of plated ware. A factor in the widespread 
use of the bright plating zinc baths has been the recurring shortage of 
cadmium. It cannot be said that zinc will com])ete in all instances 
with cadmium, since each has its own particular fields of application. 
However, ^inc is being mo'e widely used than ever before. The in- 
creased use of the bright zinc jirocesses results from their ability to 
give brilliant deposits directly. 

There are four basic conditions that must be observed in the con- 
sistent production of satisfactory bright zinc deposits. The first of 
these is that the plating bath and chemicals must be virtually fre i 
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from heavy metal impurities. It is well known that minute amounts, 
of the metals copper, lead, and cadmium affect the physical and chem- 
ical properties of zinc metal to a marked degree. This has likewise 
been found true in bright zinc plating. 

The high degree of purity required in zinc plating solutions is main- 
tained by using high purity zinc anodes and by various methods of 
purification of the bath. Purification agents are usually either sodium 
polysulfide, sodium sulfide, or zinc dust. The addition of 0.1 to 1.0 
g/1 (0.014 to 0.14 oz/gal) of the polysulfide or sulfide or both in the 
form of a concentrated sohition is effective in precipitating lead and 
cadmium. Zinc dust, 0.25 to 2.5 g/1 (0.033 to 0.33 oz/gal), is effeetiye 
in removing copper. After the zinc dust is added, the bath is stiriAl 
thoroughly and filtered. The zinc dust has the additional function ou 
reducing the valence of chromium and molybdenum which may be 
present in the bath so thiit these materials no longer cause blistering,^ 
which will occur if they arc i)resent in the high valence state. 

The second condition for obtaining consistently bright de])osits re- 
lates to close control of essential bath constituents; i.e., the zinc metal, 
caustic soda, and total cyanide contents must be maintained within 
certain well-defined limits. Simple methods for chemical analysis are 
available for this conti'ol. Addition agents used to enhance tjie brigiit- 
ness of deposits ai‘e generally controlled by plating tests. Use of the 
Hull cell is an ideal way of determining the degree of purity of the 
bath, the balance of the three main constituents, and the concentra- 
tion of addition agents. Thus the Hull cell operation supplements the 
routine chemical analyses. 

Table 1. Effect of Ratio Total NaCN on BiiiGH r Plate Cubrent 
Density Zii (metal) 


Ratio 

Range and Efficiencjy 

Approx. Bright Plate 
Current Density Range, 
amp/sq ft 

Cathode Efficiency 
at 35 amp/sq ft 
and 85°F 

2.25 

37-93 

92% 

2.5 

18-93 

88% 

2.7 

9-93 

82% 

3.0 

4.7-75 

69% 

3.2 

2.8-75 

54% 
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The third condition for bright zinc plating involves rigorous control 
of the ratio of total sodium cyanide to zinc. Table* 1 gives the results 
of varying this ratio as related to bright current density range and 
cathode efficiency, and it shows the narrow range of ratios within which 
practical current densities give high current efficiencies. The ratio 
should be lield between 2.5 and 2.7 for operation at liigh efficiency for 
normal current densities at room temperatures. The ratio is also de- 
pendent upon bath temperature, if all the operating factors are to 
function at their optimum value. Table 2 gives the optimum ratio 
for various operating temperatures. 

Table 2. Optimum Ratio Values vs. Temperaitiiies 


Optimum 

Temperature 

Ratio 

°C 


2.6 

27.8-30.6 

82-87 

2.8 

31.1-33.3 

88-92 

3.0 

33.9-37.8 

93-100 


A fourth factor in obtaining consistently satisfactory bright zinc de- 
posits from cyanide baths is the use of bright dips or addition agents 
or both. Nitric acid (0.25 to 0 . 50 %) can be used for bright dipping 
and passivating the surface of zinc deposits. Recently the use of passi- 
vating dips containing chromic acid or dichromates has gained wide- 
spread popularity. The chromic acid dips give excellent results in 
brightening of deposits as well as imparting improved salt spray per- 
formance. The chromic acid bright dips have the disadvantage of re- 
moving appreciable amounts of zinc deposit (0.0001 to 0.0002 in.). 

The ]:)roper operation of bright zinc bath depends in a large part 
u})on the use of addition agents which are effective in one or more of 
several functions as follows: (1) improvement in tolerance of the bath 
to metallic impurities, (2) brightening effect upon deposits, (3) widen- 
ing of the current density limits at which bright deposits are obtain- 
able, and (4) permitting ])roduction of bright deposits without bright 
dipping. 

The addition agents may be organic or inorganic in nature. In gen- 
eral, the organic addition agents do not plate out to become a part 
of the deposit at any apprt iable rate. Organic addition agents usually 
require maintenance because of their instability or volatility. The in- 
organic addition agents, such as molybdic oxide, are very stable in 
the bath and are removed from the bath by drag-out or by codeposi- 
tion only. There are no published methods of analysis for determining 
the organic addition agents. Plating tests are used to determine the 
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necessity for replenishment. Optimum addition agent concentrations ■ 
arc usually different for still and for barrel plating operations. Some 
prepared addition agents differ in composition, depending upon the 
specific application. Others are effective only in barrel plating, for 
which the addition agent must function at the very low current densi- 
ties and very high efficiencies that are obtained. 

A complete understanding of the operating principles of cyanide 
zinc baths is more important in the operation of the bright plating 
baths than in the dull plating baths. Improper operation or main- 
tenance will result in immediate loss of brightness or in low cathode 
efficiencies, whercias there will be no visible change in results from the 
dull plating batlis. Decrease in the quality of work from the dull platy 
ing baths will result in a decrease in corrosion protection, caused by a 
change in cathode current efficiency and throwing power. \ 

The exact solid ion composition used is determined by: (a) the type 
of deposit desired, (6) size and shape of the work, and (c) whether the 
installation is of a “still tank^^ or “barrel’^ type. A high ratio of total 
cyanide to zinc or low operating temperature or both will tend to give 
bright deposits. Large, irregularly shaped work indicates the advan- 
tageous use of high ratio baths at normal temperatures. Current den- 
sities of 20 to 40 amp/sq ft are normally used in still tank operations 
and of 2 to 10 amp/sq ft in barrel plating. 

Barrel plating operations require a solution having a low current 
density bright range and a high conductivity. This necessitates oper- 
ation of baths having higher total cyanide to metal ratios and higher 
caustic concentrations than would be used for still plating. 


Ranges of Bath Composition for Bright Zinc Plate 

For Still Plating For Barrel Plating 


Solution Composition 

oz/gal 

g/1 

oz/gal 

g/l 

Zinc cyanide, Zn(CN )2 

8.0-11 

60-82 

8.0-11 

60-82 

Sodium cyanide, NaCN 
Sodium hydroxide, NaOH 

2. 5-8. 5 

18.7-64 

4.5-10 

34-75 

(caustic soda) 

10-15 

75-112 

10-13 

75-97 

Corresponding zinc metal 

4. 5-6.0 

34-45 

4. 5-6.0 

34-45 

Corresponding total NaCN 

9-18 

68-135 

11-19 

68-135 


total NaCN ^ j2. 0-3.0 (still) 
Zn .2 (barrel) 


The exact concentrations of bath constituents are not critical and 
may be varied quite widely, paiiicularly if the proper relation of total 
sodium cyanide to zinc is maintained. 
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OPERATING CONDITIONS 

The operating conditions for the various bright zinc processes are 
likewise quite similar and can be conveniently summarized as follows: 


Temperature 

Cathode current density 

Tank voltage 

Cathode current efficiency 
Throwing power (Haring 
cell), 5:1 ratio 
Solution lionductivity 
Anode current density 
Anodes (sj)ecial high grade 
or high grade) 


20-45 °C (68-11 3°F), extreme limits 
28-38°C (82“100°F), preferred limits 
2-100 amp/sq ft, extreme limits 
10-50 amp/sq ft, average limits 
1.5-6 V (still) 

10-15 V (barrel) 

75-95% 


35-55% 

4.5-5.5 olmi-cm 
10-30 amp/sq ft 
zinc ball anodes of high 
99.8% + zinc bar anodes 
zinc-aluminum also with mercury, 
zinc-calcium, or zinc-magiiesium " 


OPERATION AND MAINTENANCE OF BRIGHT ZINC PLATING BATHS 

An important point in bright zinc plating, particularly if the deposits 
arc to be bright dipped, is the necessity for adequate rinsing of the 
work after plating and after bright dipping. Optimum results require 
two cold water rinses before bright dipping and at least two cold water 
rinses and one hot water rinse after bright dipping. 

In barrel plating in which as much as 5 arnp/gal may be passed, 
cooling coils must be used to provide ])roper temperature control. Un- 
less the basic formulation of the ))atb is modified for low temperature 
operation, the anodes may become i)olarized at temperatures below 

2rc. 


ZINC FLATINC OPERATIONS 
Rack Plating 

When the cyanide solution is used, a 6-v source of direct current of 
sufficient capacity to provide between 35 and 50 amp/sq ft is required 
for consistent uniformity of thickness and appearance. 

The following cleaning and plating cycle is in general use com- 
mercially with some slight modifications in specific instances on par- 
ticular jobs. 

1. Soak in hot alkaline cleaner to remove or loosen grease, oil, and 
drawing compounds. 
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2. Electrolytic clean in hot, concentrated, alkaline reverse current, 
cleaner to remove balance of oil, grease, or drawing compound and any 
other organic or inorganic dirt adhering to the part. 

3. Water rinse. Either a dip or a spray rinse or a combination of 
both with flow of water sufficient to insure complete removal of the 
cleaner is required. 

4 . Acid dip. Hydrochloric acid at room temperature in concentra- 
tion of 5 to 50% by volume (of 1.18 sp. gr. acid) is used, depending 
on the amount of rust to be removed. 

5. Water rinse as in step 3. 

6. Soak in sodium cyanide solution, 4 to 6 oz/gal, at room tempera- 
ture to remove any slight rusting during transfer from acid and aci^ 
]‘inse. Cyanide added to this tank helps maintain cyanide in the suc-i 
ceecling zinc plating tank. 

7. Zinc plate. 

8. Water rinse. This is sometimes maintained as a stagnant rinse 
to recover drag-out of zinc solution. It is returned to the plating tank 
as reciuired to maintain the operating level of that tank. 

9. Water rinse as in step 3. 

10. Bright (lip. Usually 0.25 to 0.5% by volume of 1.42 sp. gr. nitric 
acid, freshly prepared every 8 hr of operation, is used. * 

1 1 . Water rinse as in step 3. 

12. Hot water rirnse — or drying oven. 

High carbon, caseharden(?d st(‘el or steel which has been heavily 
pickled to remove scale can be plated by extending the time in a reverse 
current cleaner. After zinc ])lating, these steels are relieved of hy- 
drogen absorbed during the plating operation by baking at 325 to 
350 °F for 2 to 4 In*. Absorbed hydrogen causes embrittlement of the 
steel and can cause blistered or spotted deposits after aging of the 
plated work. 

Anode rods can be made of steel and submerged just below the solu- 
tion level. This insures positive contact at all times and reduces the 
])Ossibility of copper contamination which is always present when 
copper or brass rods are used. Cyanide spray crystallizes on the rods 
and is washed into the bath when anode rods are cleaned. Crystalliza- 
tion from cyanide spray can build up on anode rods so that anodes are 
actually held out of contact. When this happens, spongy loosely ad- 
herent zinc deposits on these anodes owing to bipolar effect. This 
spongy zinc can be a source of serious roughness. 

Solutions in continuous operation are maintained by additions of 
sodium cyanide, brightener (if used) , and zinc anodes. Caustic soda is 
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sometimes required in small quantities to replace drag-out. Reagents 
to precipitate heavy metal impurities arc added -daily or whenever 
other additions are made. The sulfides and polysulfides completely 
remove lead and cadmium which are causes of ‘^burning” and dark de- 
posits. Zinc dust will remove copper as well as lead and cadmium. 
Copper contamination causes darkening of deposits when bright dipped 
in 0.25 to 0 . 5 % nitric acid. Sodium polysulfide is generally used be- 
cause it effectively removes the impurities without excessive sludge. 
Sodium sulfide is cheaper but produces a heavy sludge, necessitating 
more frequent cleaning of the plating tanks. The amo\ini. of purifica- 
tion required depends on the purity of the anodes used. High grade 
zinc anodes require oz/gal or less daily to maintain an excess of 
polysulfide in solution. An excess of sulfide is not detrimental and 
should be maintained at all times. If solutions are filtered, sulfide 
should be added before operations are resumed. 

Stainless steel contacts can be used on insulated copper racks to 
eliminate copper contamination of solutions. Uninsulated racks are 
usually made of stec^l brazed on a copper hook at the solution level. 

Bulk Plating 

In barrel plating the parts are cleaned and handled in bulk. Most 
units operate with a 12- to 15-v source of direct cun'ent of sufficient 
capacity to produce 500 to 750 amp/barrel. Lower voltage (‘consider- 
ably lengthens plating times required for specified thickiuisses, })ecause 
most of the voltage is required to overcome the resistance of the barrel. 
Solution composition is similar to that used in still plating except the 
caustic is maintained at 12 to 15 oz/gal to inci'ease the conductivity of 
the bath. Cold water is piped through coils in the barrel tanks to take 
out the heat generated by the current flow. Coils are discharged into 
a rinse tank following the ])lating tank to obtain full use of the water. 

Parts for barrel plating are usually cleaned in monel or stainless 
steel baskets, or are tumbled in monel or stainless steel cylinders, A 
typical cyfde is given below; 

1. Degrease in solvent-type degreaser. 

2. Soak or tumble in all .aline immersion cleaner. 

3. Water rinse. 

4. Acid dip. Cold 5 to 10% by volume of 1.18 sp. gr. hydrochloric 
acid is used. 

5. Water rinse. 

G. Sodium cyanide dip — 4 to 6 oz/gal (room temperature). 
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7. Load into plating cylinder and plate for required time to obtain 
thickness specifiedt 

8. Water rinse. 

9. Bright dip (if used) . 

10. Water rinse. 

11. Hot water — dry. 

12. Bake. 

It is sometimes difficult to start deposition of zinc on high carbon 
or casehardened steel because of a film of hydrogen bubbles adhering 
to the work. This may result from overpickling of tlie parts or from 
too high a ratio of total cyanide to zinc metal. If barrels are raiseu 
out of the zinc solution, allowed to drain, and lowered again when thfc 
hydrogen has evolved from the solution, deposition usually slarti 
immediately. ' 

Analytical Mjcthods 

ZINC 

Reagents, Solution: exactly 33.0 g/1 K4Fe(CN)G-31i20 and 6 g/1 
NauSOsj indicator: saturated solution of uranium acetate. 

1. Under a hood, to exactly 5 ml of cyanide zinc solution in a 250-ml 
beaker, add 10 ml 1:1 nitric acid and 10 ml 1:1 sulfuric acid. Boil 
until dense white fumes are liberated and fume about 5 min more. 

2. Let cool and cautiously add 50 to 75 ml distilled water, 15 g am- 
monium chloride and dissolve completely. 

3. Make ammoniacal (to litmus), add an excess of 5 ml of concen- 
trated ammonium hydroxide (sp. gr. 0.9015), filter, and wash the pre- 
cipitate with hot distilled water containing 10 ml/1 concentrated am- 
monium hydroxide. 

4. Make the filtrate neutral to litmus with hydrochloric acid, and 
add 5 ml concentrated hydrochloric acid (1.18 sp. gr.). 

5. Add 25 ml hydrogen sulfide saturated distilled water. 

6. Bring the volume to 300 ml and heat to 80° to 85°C. 

7. Titrate with potassium ferrocyanide solution, using uranium ace- 
tate on a spot plate as an outside indicator, to the first light' red-brown 
tinge. 

Number of milliliters of standard potassium ferrocyanide required 
divided by 5 equals ounces per gallon of zinc. 

TOTAL SODIUM CYANIDE 

Reagents. Solutions: exactly 13.0 g/1 c.p. silver nitrate solution, 
10% sodium hydroxide; indicator, 10% c.p. potassium iodide solution. 
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1. Dilute exactly 1 ml of plating solution sample to about 150 ml in a 
250-ml Erlenmeyer flask. 

2. Add 5 drops lO^o potassium iodide indicator solution and 5 ml of 
10% sodium hydroxide solution. 

3. Titrate witli silver nitrate Lsoluiion, stirring constantly, to the 
first permanent opalescent color. 

Number of milliliters of standard silver nitrate solution required 
equals the number of ounces i)er gallon of total sodium cyanide. 

Note: The presence of sodium sulfide in the plating solution will 
obscure the endpoint througli precipitation of brown or black silver 
sulfide. This sulfide may be removed by shaking a portion of the 
sample with dry basic lead carbonate. Then the sample is filtered, 
using a dry filter. The filtrate may then be sampled and analyzed. 

SODIUM HYDROXIDE ( CAUSTIC SODA) 

Reagents. Solution, 0.940 N sulfuric acid; indicator, LaMotte sulfo- 
orange solution. 

1. To exactly 5 ml of plating solution in a 250-ml Erlenmeyer flask, 
add 1 g of NaCN, 10 ml of water, and 10 drops of indicator solution. 

2. Titrate with the standard sulfuric acid solution to a color change 
from orange to yellow. 

Number oi milliliters of standard sulfuric acid required equals num- 
ber of ounces per gallon of caustic soda. 

SODIUM CARBONATE 

Reagents. Solutions, barium chloride (10%), hydjuchlojic acid 
(0.71 ON) ; indicator, methyl orange-xylene cyanole indicator solution. 

1. In a 250-ml Erlenmeyer flask dilute exactly 5 ml of plating solu- 
tion to about 100 ml with hot distilled water. 

2. Add 15 ml of barium chloride solution, heat to boiling, and allow 
to settle on the steam plate for 30 min after closing the mouth of the 
flask with a wad of cotton. 

3. Filter through No. 41 Whatman Paper, washing the flask and the 
residue on the i)aper with hot distilled water. 

4. Return the paper and precipitate to the original flask, add 100 ml 
of hot distilled water, 3 d’ ops of methyl orange-xylene cyanole, and 
shake to pulp the paper. 

5. Titrate with standard hydrochloric acid to the first permanent 
color change of green to purple. 

Number of milliliters of standard hydrochloric acid solution required 
equals number of ounces per gallon of sodium carbonate. 
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MOLYBDENUM 

Reagents. Solutions, potassium permanganate (0.117 N ) ; saturated 
solution of ferric alum, 2 parts by volume + phosphoric acid (c.p. 
85%, sp. gr. 1.69) 1 part by volume. Jones reductor (see Scott’s Analy- 
sis, Vol. I, or Treadwell and Hall, Vol. II, for description). 

1. Under a hood, to exactly 5 ml of zinc solution in a 250-ml beaker, 
add 10 ml 1:1 nitric acid and 10 ml 1:1 sulfuric acid. Boil until 
dense white fumes are lil)eratcd and fume about 5 min more. 

2. Let cool and cautiously add 50 to 75 ml distilled wateT, dissolving 
the precipitate completely. 

3. Make ainmoniacal (to litmus), add an excess of 5 ml concerl- 

trated ammonium hydroxide, filter, and wash precipitate with hot disl 
tilled water containing 10 ml/1 concentrated ammonium hydroxide (sp\ 
gr. .9015). \ 

4. Make filti-atc acid to litmus with sulfuric acid; add 2 to 3 ml con- 

centrated sulfuric acid (sp. gr. 1.84) in excess Pass slowly through 
the Jones reductor into 15 ml of the ferric alum-phosi)horic acid solu- 
tion diluted with 100 ml of distilled water. Caution: (1) Be sure the 
tip of the reductor tube extends below the surface of the fc^rric alum- 
phosphoric acid solution. (2) A blank sample should be run when a 
new potassium iiermanganatc solution is used. • 

5. Wash the reductor with 100 ml of 2.57^ (by volume) sulfuric acid 
solution and titrate with potassium permanganate solution to a perma- 
nent faint pink. 

Number of milliliters of standard potassium permanganate solution 
divided by 10 equals number of ounces per gallon of molybdenum. 

MERCURY IN SOLUTION 

Reagents. Solution, potassium iodide (8.300 g/1) ; indicator, KNO^: 
(c.p.), starch 17c (freshly prepared solution). 

1. Under a hood, acidify to litmus exactly 50 ml of plating solution 

in a 250-ml beaker with nitric acid (sp. gr. 1.42), and boil until all 
cyanides are removed. Cool. _ 

2. Neutralize with ammonium hydroxide to litmus, then add 2 ml 
concentrated nitric acid (sp. gr. 1.42). 

3. Cool to 20°C and add a small crystal of KNO2. 

4. Slowly titrate with standard potassium iodide solution, using 1% 
starch solution on a spot plate as an outside indicator, to a deep blue 
color. 

Number of milliliters of standard potassium iodide solution required 
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minus 0,5 ml (correction factor for a blank) times 0.0134 equals num- 
ber of ounces per gallon of mercury. 

ANODES 

The type of anodes used for cyanide zinc plating varies (jiiite widely 
and depends on the tyi)e of bath and kind of operation. The required 
quality of deposit indicates the grade of zinc to be used as anode 
material. The two main forms are the common bar type and the ball 
or similar basket-contained type, cast from a suitable grade of slal) 
zinc or from a sj)ceially formulated zinc alloy. 

Either the Intermediate or the Prime Western grade of zinc alloyed 
with 0.5 to 1% mercury ^ may be used for the zinc mercury process. 
These same grades of zinc were formerly used (piite extensively in 
cyanide zinc plating for general rustproofing operations. 

With the advent of the bright plating baths, which require luacti- 
cally complete freedom from heavy metal contaminanis to obtain opti- 
mum results, the Special High Grade and High Grade high jmrity 
anodes came into general use. Even with the use of high-purity anodes 
it is usually neccjssary to purify the bath frecpiently, if high quality 
deposits are to be produced consistently. 

If alloys are used in which metals such as aluminum, calcium, or 
magnesium (which have no contamination effect) are present, the 
character of the zinc de])osit is not influenced adversely. The alloy 
metals may be advantageous in improving the c-oi’rosion characteristics 
of the anodes. Zinc passes into solution by both eh'ctrochemical and 
chemical attack; hence it usually tends to accumulate in the bath 
to an excessive degree. Aluminum, when present in zinc anodes, in- 
creases the rate of anode corrosion, whereas mercury together with 
aluminum alloyed with the zinc tends to I’educe the chemical attack 
and to improve anode corrosion characteristics. Magnesium or cal- 
cium alloyed with zinc is effective in reducing anode efficiency to pre- 
determined values. For this inirpose 0.187^^ magnesium is used in zinc 
anodes fqr still i)lating and 0.05% magnesium for barrel plating to 
reduce the anode efficiency to about 88%, which is about equal to the 
average cathode efficiency. 

With other than specific alloy anodes, the zinc content of the bath 
can be controlled, although with difficulty, by using from 25 to 50% 
casehardened or stainless steel anodes in the tank. However, this 
scheme results in a serious complication: when the zinc and iron 
anodes remain in the alkaline solution, they produce an electrolytic 
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or voltaic couple and consequent dissolution of the zinc when the bath 
is idle. If zinc anodes do not corrode fast enough under steady oper- 
ating conditions, it is common practice to use a few steel anodes, e.g., 
5 to 10% of the effective zinc anode surface, to accelerate chemical 
attack. 


PHYSICAL CHARACTERISTICS OF DEPOSITS 

Zinc clectrodoposits from cyanide baths may be varied from the 
very ductile, white crystjilline type to a fairly hard, bright de- 
posit depending on the selection of bath formulation, operating coiidiV 
tions, and addition agents. All types of zinc electrodeposits, whether 
dull white and ductile or bright and less ductile, appear to be dense! 
and relatively free from porosity. Very coarse-grained deposits, such 
as arc normally obtained from plain acid zinc baths, are rarely ob- 
tained from cyanide baths. Sufficient ductility of deposit may be ob- 
tained from the warm, concentrated, low ratio bath to i)ermit the use 
of this type of zinc deposit in rather severe drawing operation. 

TESTS OF DEPOSITS 

0 

Numerous tests have been developed for determining the thickness 
or corrosion resistance or both of elcctrodepositcd zinc. The thickness 
tests are particularly valuable since, through their use, minimum thick- 
nesses may be determined rather than average thicknesses such as arc 
obtained by the ampere-minutes-per-square-foot method. Salt spray 
testing gives only an approximation of the corrosion resistance and ex- 
pected life of zinc coatings. The Farnsworth-Hockcr intermittent 
immersion test, in which ammonium chloride solution is used and then 
the part is allowed to dry in air between each dip, is not sufficiently 
rapid for shop control purposes. 

The Brenner magnetic test is non -destructive and may be utilized 
for determining the thickness of zinc over steel. 

The “dropping test” has come into rather widespread use in recent 
years. As originally proi)oscd by Clark,-® a solution of iodine in potas- 
sium iodide was used. This test was later modified by Hull and 
Strausser,^” wdio recommended a solution of 100 g/1 ammonium nitrate 
and 55 ml/1 of nitric acid (c.p., sp. gr. 1.42). This solution is dropped 
at the rate of 100 -|- 10 drops per minute on the specimen until the 
base metal appears. An indicator solution consisting of 300 g/1 potas- 
sium ferrocyanide (KsFeCNc) is sometimes used. A 1% (by volume) 
addition of the indicator solution is made to the drop-testing solution. 
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The rate of stripping is 10 sec for each 0.0001 in. of zinc. A dropping 
test solution as proposed more recently by Brenner consists of 200 
g/1 chromic acid and 50 g/1 sulfuric acid which is dropped at the rate 
of 100 ± 5 drops per minute. This test is quite sensitive to tempera- 
ture variation and should be used as follows: 


Temperature 
2rc (7o°r) 
28°C (82°F) 
35°C (95°F) 


Rate of Penetration 
per 10 Sec 
0.000098 in. 
0.00011 in. 
0.00012 in. 


Salt spray testing of zinc deposits has increased greatly since the 
advent of the chromic acid type of passivating dips. These dips form 
a coating consisting primarily of zinc chromate, and they greatly add 
to the salt spray life of zinc coatings. However, the salt spray is 
merely an empirical test method and does not give a true indication 
of the performance of the passivated zinc surface in actual service 
conditions. This may be due in part to the variations in operation of 
the salt spray equipment. 




I8- 

Uncommon Metals 

Frioderick a. Lowenheim* 


There are many metals wliich are not being, or cannot be, prac- 
tically electrodeposited at present. Of the 92 elements in the periodic 
table (i)re-atomic fission), all but 19 are metals, and of these 73 
only about 16 are of present importance to the elcctroplater. It is the 
purpose of this chapter to present a review of the work which has 
been published concerning some of the remaining 57 elements. No at- 
tempt is made to jiredict which of these now unfamiliar metals is most 
likely to win commercial acceptance as a coating.^^^'^”** 

Somewhat arbitrarily, these uncommon metals may be divided into 
four categories. First, some are truly rare and so exiiensive as to 
make their (‘injiloyment cpiitc; impractical. Such a situation is always 
subject to change by discovery of new sources or a n(‘w process of con- 
centration. 

Second, several have not been successfully plated in spite of re- 
peated attempts; pj’esumably they would be used if a practical process 
were developed. Considerable effort has lieen expended, for example, 
on tungsten plating. It may be recalled that chromium too would have 
been in this class before about 1925. 

Third arc those metals which in all probability cannot b(^ deposited 
from aqueous solutions; this class includes the alkali and alkalin(‘,- 
earth metals, aluminum, and beryllium. Some of these can be plated 
from non-aqueous solutions; although the pi’actical objections to such 
electrolyfe» are formidable, it cannot be said that tlicy are insuper- 
able.'* The review^ by Audrieth and Nelson may be consulted for 
general information on the electrolysis of non-aqueous solutions. 

Fourth, there are several metals which can be readily plated and 
which are not notably expensive or scarce, but which nevertheless are 
not made use of. Such, for example, arc antimony, arsenic, and bis- 
muth. It may be assumed that the reasons for the neglect of such 

* Metal & Thermit Corp., Hallway, N. J. 
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metals lie in the specific properties of the deposits: they may be 
mechanically unsatisfactory, or may not fill any particular need. 
Changing requirements or further investigation may of course alter 
such a situation at any time. 

This chapter is essentially a review of the literature, in which every 
effort has been made to make the bibliography as complete as pos- 
sible. It is necessary to insert a warning of one difficulty against 
which the searcher must be on guard: the question of how much 
credence should be jdaced in published reports of success in plating 
some of the “hard-to-plate” metals. Too often the authors of such 
reports rely on the mere appearance of a deposit at the cathode, ana 
offer no evidence in corroboration, such as analyses of the deposit. It\ 
is more than likelj'' that many of these deposits have in reality con- 
sisted entirely or in part of iron, entering the bath as an impurity in 
the reagents, or of platinum which is widely used as anode in prelimi- 
nary experiments. Confirmation and checking of much of this work 
is sadly lacking in the literature, and more often than not attempts to 
repeat reported results have ended in failure. 

The scope of this review has been intentionally limited by the ex- 
clusion of some fields of investigation. Electrodepositioii from fused 
salt baths is not considered; nor is plating from the gas phase.’ 

The platinum group metals are omitted. Deposition from organic 
solvents is included under the metals to which it applies. Many of the 
metals here considered have been deposited in the form of alloys, and, 
although mention of such work is made, reference should also be had to 
Chapter 3. 

The arrangement here is alphabetical. Although not, perhaps, so 
logical as the periodic arrangement, it is felt that it will facilitate 
reference. 


ACTINIUM 

This rare radioactive element can be deposited from ethyl alcohol- 
acetone mixtures, using a silver anode.®® 

ALUMINUM 

Attempts to deposit aluminum from aqueous solution have been re- 
ported for over ninety years, but there is no convincing evidence that 
they have met with any success. Wohler and Deville failed to 
obtain deposits; but in 1855 Thomas and Tilley were granted a 
'patent^®® on the deposition of aluminum from an electrolyte prepared 
by dissolving freshly precipitated aluminum hydroxide or alum in a 
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solution of KCN. Corbelli claimed a process involving the electrol- 
ysis of a solution of alum + CaCl2 or NaCl. Gore described sev- 
eral solutions, and Bertrand-^ and Ball^* others. More than twenty 
patents on aluminum plating were granted before 

Wohler and Deville challenged the accuracy of several of the 
published reports, as did Nickles,-*^^ rischer,®^* and Mierzinsky.^-^ 
Others reported their failure to obtain deposits.^^^’’-^-'^^^’^^*- 

More modern claims to aluminum plating have included these: 
Tucker and Thomsen used a rapidly rotating cathode (15,000 rpm) 
when the solution of AICI3 was so concentrated as to be a paste, at 
c.d.’s up to 2 amp/sq cm. Marino patented an electrolyte prepared 
by dissolving aluminum anodically in a strong solution ot sodium pyro- 
phosphate, phosphoric acid, and sulfanilic acid. Marino ct al.^®^ dis- 
solved the ‘‘tartrate, paratartrate or oxalate of aluminum” in aqueous 
ammonia. 

Tumanov disclosed a method of preventing the re-solution of the 
aluminum deposited; Cowper-(k)les said a saturated solution of so- 
dium alurainate gave a thin deposit of aluminum. Koehler recom- 
mended a dilute solution of AlCla slightly acid with HCT at high c.d. 

Fink'^® and Fink and Jones claimed aluminum deposition from; 
150 g/1 Na2Al204, 75 g/1 dextrose, 30 g/1 NaOH or 40 g/1 Na^CfJa at 
80°C. 

There is no independent evidence in the literature to suggest that 
any of the foregoing methods are operative: see the introductory re- 
marks in this chapb r. Langbein and Brannt discounted all reports 
of the deposition of aluminum from a(]ueous solutions. 

Organic or non-aqueous solvents have been more fruitful of results. 
The earliest work in this line was apparently that of Plotnikov who 
found that, when a solution of AlBra in ethyl bromide is electrolyzed 
between carbon electrodes, aluminum is deposited at the cathode. 
Patten confirmed this, using platinum electrodes. 

Many other organic solvents have been tried, with varying degrees 
of success: toluene, xylene, acetonitrile, ether in which the 

aluminum* is dissolved in the form of a Grignard-type compound such 
as diethyl aluminum iodide or ethyl aluminum di-iodidc; glycerol or 
acetone, benzene,‘^^®’“‘^® f^hanolamine; “Cellosolve,” mixtures of 
ethyl bromide, benzene, and xylene; high boiling alcohols such as 
glycerol or the glycols; tetra-alkyl ammonium bromides;’®^ and 
ethyl alcohol. Inorganic solvents include liquid ammonia 
and anhydrous sulfuric acid.^^'^ Pyridine,-^® acetamide,^® and formam- 
ide were found unsuitable, but alloys of aluminum with iron and 
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zinc were deposited from the last; these deposits had no protective 
value. 

Better documented are reports of aluminum deposition by Mathers 
and A1 or AlBrg is dissolved in ethyl bromide-benzene 

mixtures; with aluminum anodes and cathode c.d. of about 8 amp/sq ft 
and 3 v, aluminum is deposited on copper, zinc, or steel at 68% effi- 
ciency. There is at least one report of this process being checked inde- 
pendently.® Similar baths have been investigated by others. 

Wier and Hurley claim the dei)osition of aluminum from 

substituted alkyl j)yri(linium chlorides or bromides, or mixtures of 
them with benzene, in which aluminum chloride is dissolved. Their 
process, improved by the addition of mcthyl-^-butyl ether, was usea 
by Safranek, Schickner, and Faust to electroform aluminum^ 
wave guides, with satisfactory results. More recently Couch and 
Brenner have disclosed an ethereal solution containing aluminum 
chloride and lithium hydride which is claimed to yield satisfactory 
thick deposits of aluminum. Murphy has published a literature 
survey on the subject of aluminum deposition; and an extensive bibli- 
ography is offered in Ref. 2r)9A. 

ANTIMONY 

Antimony is relatively easily electroplated from acpieous solutions: 
Rangbein and Brannt give several formulas, none of which, however, 
is a truly practical electroplating bath. A peculiarity of antimony 
deposits is a so-called explosive form which detonates when struck. 
This type of plate was obtained whenever the bath contained appreci- 
able quantities of chloride ion, and it was found that the dei)osits all 
included significant amounts of chlorine. Deposits from chloride-fre(‘ 
electrolytes are not oxplosivc,^’'‘’®"‘’^^'^'^^”’“'^^’“®'^ and the c.d. may also 
be a factor.^^- 

Antimony has been deposited from baths containing tartrates, to 
which it is added as potassium antimonyl tartrate, the tartar emetic 
of commerce (Refs. 51, 100, 178, 192, 193, 198, 285, 252); fluorides 
(Refs. 23, 25, 27, 130, 194, 195, 199, 237, 267) ; fluoborates or fluosili- 
cates (Refs. 167, 292) ; sulfate-cyanide mixtures (Ref. 146) ; and sul- 
fides, in which the antimony is present as thioantimonite or thioan- 
timonate ion (Refs. 26, 48, 49, 51, 63, 72, 111, 114, 149, 169, 179, 224, 
253, 270, 292, 306). 

The sulfide solutions have been studied more particularly in connec- 
tion with the electrorefining or electrowinning of antimonj^; in con- 
trast with its electroplating, these arc i)ractical commercial proc- 
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Fluoride-sulfate solutions have also been studied in this 

cunnection.-^'^ 

Principal interest appears to have centered in fluoride electrolytes, 
typified by that of Mathers, Means, and Richard,^"® which utilizes 
aloin or resorcinol as addition agent. An earlier process of Betts 
and a recent one of Bloom are similar in that all use antimony 
fluoride, SbFa, as the basic constituent. Bloom’s patents lay consider- 
able stress on the necessity of etching the basis metal in order to secure 
satisfactory adhesion of the deposit. Addition agents have been 
claimed to improve the deposit 

Several have pointed out tliat the gencj'al properties of 

antimony should make it attractive to platers; it is, in addition, rela- 
tively inexi)ensive and has a high electrochemical ecjuivalcnt. Its 
neglect by i)latcrs may be laid to two factors: no really satisfactory 
])lating l)ath has been developed, and the deposits have in all cases 
been too brittle for practical apiflication/ Whether this is an inlu'rent 
jiroperty of antimony or whethei’ under certain (‘ircumstances ductile 
deposits can be obtained is an unanswered question. Deposits from 
citrate baths are claimed to be ductile and to retain this ductility on 
aging."*^^^ Superimposition of alt(‘rnatiiig ciuTcnt is claimed to im- 
prove plating from chloride and sulfide baths."’^^ 

Norwitz suggests a sulfate-chloride bath containing hydroxy la- 
mine hydrochloride; and Arent '^^ deposits antimony on steel by im- 
mersion. 

The de])Osition oi’ antimony from non-aqueous solutions has been 
studied.’^^'^^^'^'^'^’^”’'''^'^'''^ Its electrochemical beliavior has been the 
subject of considerable theoretical investigation because of the quon- 
dam importance of the antimony electrode as a pll-measuring device. 

The deposition of antimony alloys has also received considerable 
attention (Refs. 9, 19, 32, 61A, 62, 71, 174, 192, 193, 224, 232, 262A, 
264, 271,285). 

Antimony is relatively tarnish-resistant, pleasing in appearance when 
])olished, and cheap. Its brittleness apjiears to be the majt)r bar to its 
acceptance in the plating field. 

ARSENIC 

The electrodeposition of arsenic is practiced commercially, though 
not extensively, as a means of producing a black or gray finish, particu- 

* The process of Bloom is recent, and there have been no independent reports 
as to whether it provides an exception to this statement. 
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larly for antique effects. Formulas arc given in most of the standard 
handbooks: Langbcin and Brannt offer no less than eight, of which 
the two here given arc deemed to be typical. 

Acid solution: HCl 1 1, AS 2 O 3 48 g. 

Alkaline solution: AS 2 O 3 1 lb, NaOH 1 lb, NaCN % oz, water to 
1 gal. 

A cyanide bath using superimposed A.C. has been described.®^'^* 

The barrel plating of arsenic has been discussed; its deposition for 
analytical purposes has been studied, as has its electrowinning. 
Some work has appeared on the deposition of arsenic from non-aquq- 
ous solutions; solvents studied include ether nitrobenzene,^^" glacia 
acetic acid,^®* acetic anhydride, liquid ammonia, and acetone. 
Presence of NaCl or KCl is said to be beneficial.-"" 


BERYLLIUM 

The deposition of beryllium from liquid ammonia has been pat- 
ented and discussed.*^"'^’'^'^’^^'^ Acetamide has also been used."" 
Fused alkylpyridinium halides were not satisfactory solvents for the 
deposition of beryllium.^^^^ 

It seems unlikely that beryllium can be deposited from* aqueous 
solutions, and failure has been reported. Nevertheless, a patent was 
granted for the deposition of “thin layers^’ of beryllium and other 
metals from strongly alkaline solutions saturated with the metal hy- 
droxide.^"® For additional bibliography see Ref. 269A. 

BISMUTH 

Several api)arciitly satisfactory processes for the electrodeposition 
of bismuth have been reported, and it is likely that if there were any 
particular demand for bismuth plating it could be done. The metal 
is somewhat expensive in view of its lack of outstanding properties, 
and there do not appear to be any uses for bismuth platings.* 

Solutions recommended include meth^d-sulfurie acid,-^-^^" chlo- 
rides, nitrate + acetate,^ nitric acid or nitric + sulfuric 
acid,-^-^'^*^"^ strongly alkaline lyes,^"® nitrate + tartrate,^®" fluosili- 
cates,® and sulfides.^^®-®^® 

Kern and Jones recommended a solution of BiCL containing NaCl, 
CaCL, or MgCL, with pyrogallol or resorcinol as addition agent. 
Harbaugh and Mathers preferred a perchlorate bath, containing 
40 g/1 of bismuth oxide, Bi 203 , 104 g/1 HCIO 4 , and 0.03% glue and 

* At least so far as the published literature is concerned. 
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0.08% cresol. Piontelli concluded that the chloride baths were 
most economical for bismuth refining but that peixhlorate solutions 
w^ere preferable in i)lating. Vozdvishenskii ct al.-®^ reported good de- 
posits from solutions of bismuth nitrate, and further claimed that the 
platings had good resistance to many corrosive agents; the polished 
jdates '‘resembled nickel.” Levin recommends NaBiCL, excess HCl 
and glue. Mathers said that deposits from acidified halide baths 
contained large amounts (from 7 to 11 %;) of the halogen; in this respect 
the metal would resemble antimony deposited b'om a chloride bath. 
Superimposed A.C. is claimed to improve deposits.-^^^ Electrophoretic 
deposition of bismuth has been proposed. 

Several theoretical studies of bismuth deposition have been 
made,^^®- Fink and Gray studied tlie codeposition of 
bismuth and lead from a perchlorate bath. Non-aqueous solvents have 
also been investigated: Stillwell and Audrieth reported bright de- 
posits from glacial acetic acid; Patten and Mott-^"’ obtained plates 
from solutions of BiCla in acetone; and Plotnikov and Gorenbein 
electrolyzed a solution of BiBra in nitrobenzene. Bismuth deposits 
satisfactorily from solutions in fused alkylpyridinium halides.^^’^^ 
Booth and Mcrlub-Sobcl failed to get a deposit of bismuth from 
anhydrous ammonia. 

CALCIUM 

The deposition of calcium from pyridine solutions has been re- 
ported.““” Accordii’g to E]fiiraim calcium can be deposited from 
aqueous solutions of its chloride if metliyl alcohol is added, 

CERIUM 

Attempts to deposit cerium from water solutions have given nega- 
tive results,^®- but it has been reported i)latcd from pyridine-^® and 
from isoamyl alcohol the latter at very low efficiency. Atanasiu and 
Babor,^^ using a zinc cathode, obtained a Ce-Zn alloy from a solution 
of CeCL in methyl alcohol, at an efficiency of about 10%. Amalgams 
have been prepared electrolytically."®®^ It is claimed that alternating 
current superimposed on direct current aids deposition, though no ex- 
amples are given. Huriey and Wier^*"^^ could not deposit cerium 
from solutions in fused alkylpyridinium halides. 


COLUMBIUM 


See Niobium. 
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GALLIUM 

Gallium is easily electrodeposited from alkaline solutions 
144.206,291 except in the presence of nitrates. If the electrolyte is cooled, 
Lhe metal appears as trees; if not, as liquid globules. 

GERMANIUM 

Germanium can be deposited from alkaline solutions containing oii- 
ganic radicals such as oxalate, tartrate, A recent report 

by Fink and Dokras indicates that glycol solutions of Gel 4 give 
deposits; the authors also studied the deposition of germanium alloys.! 

HAFNIUM 

The chemistry of hafnium is so similar to that of zirconium that 
presumably a successful method for plating the latter would ai)ply. 
Specific references to hafnium deposition are therefore rare, but one 
Japanese patent claims the use of aqueous solutions of oxalates or 
salicylates. The value of such a disclosure is doubtful, to say the least. 

LANTHANUM 

The deposition of lanthanum from some organic, solvents has been 
studied.^^ See also Ref. 51A. 

MAGNESIUM 

No practical method has been reported for the electrodeposition of 
magnesium. In 1884 a British patent was granted for the deposi- 
tion of magnesium or its alloys from acpieous solutions containing sul- 
fates, cyanide, and ammonium carbonate,’*-* and in 1890 a German 
patent claimed magnesium plating from aqueous, organic acids,’^’*^ 
while as early as 1831 Becquerel reported obtaining magnesium from 
concentrated solutions of MgCL. These claims are certainly wrong. 
Some success has rewarded efforts to plate the metal from non-aqueous 
solvents, but the processes have not proved practical. Overcash and 
Mathers used a solution of a Grignard-type compound in dimethyl 
aniline, and ether solutions of similar compounds have been em- 
ployed.'^'^*^’^'^^ Broughall used a halide, nitrate, cyanide or thiocya- 
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jiate in liquid ammonia; and Muller and co-workers MgBr2 in pyri- 
dine, A few additional references may be cited: 7 , 69, 289, 296. 

MANGANESE 

The electrodeposition of manganese has been extensively studied, 
particularly in recent years. Most of these investigations have been 
concerned with the electrometallurgy of low grade ores and have had 
as their object the electrowinning rather than the electroplating of the 
metal. Electrolytic manganese is an accepted ai’ticle of commerce; 
conditions for successful deposition, using for the most part sulfate so- 
lutions in a diaphragm cell, have been well developed, especially by 
the U. S. Bureau of Mines (Refs. 2, 57, 76, 121, 152, 153, 172, 189, 218, 
236, 272, 277, 295, 307; this bibliography is not exhaustive). 

If demand warranted, it would appear that the deposition of maiiga- 
jiese for i)lating juirposes could be developed without undue difficulty. 
Good deposits have been reported on iron, aluminum, copper, brass, 
and bronz(?, from sulfate solutions at c.d.’s ranging from 25 to 240 
amp/sq ft.^^’'^ Bradt and co-workers also investigated chloride solu- 
tions and reviewed earlier work; they also studied perchlorates, 
tannates (which yielded no deposits), and a number of organic radicals 
of Avhich the best was benzoate; but they concluded, in agreement 
with most other investigators, that sulfate solutions were best; al- 
though the addition of NH4CI has been claimed to afford more ductile 
deposits.^ A typical satisfacUuy formula as given by Bradt and 
Oaks '^" is: MnS04-2Ho0, 100 g/1; 75 g/1; NH4CNS, 60 

g/1; cathode c.d., 240 amp/sq ft; pH, 4.0 to 5.5; temperature, 25°C. 

Thick deposits gave satisfactory protection."'^ Fink and Kolod- 
ney recommended a somewhat similar bath with 50 ml/1 glycerin 
in place of the Nli4CNS, pH 2.5 to 3.0, and cathode c.d. 90 to 110 
amp/sq ft. Codeposition of manganese with iron or zinc was also re- 
ported. The deposits darkened immediately on cx])osurc to air, but 
this could be prevented by a chromate dip. Another variation calls for 
(NH4)2S as addition agent, with cathode c.d. 20 amp/sq ft and insol- 
uble anodes.^ A study of the theory of manganese deposition has been 
published by Perec. Deposition of alloys of manganese with 
nickel cobalt, iron,^^ and zinc has been carried out by electrolysis 
of sulfate solutions at room temperature, and it is reported that, the 
lower the manganese content, the better the efficiency; the nickel- 
manganese alloys are claimed to have good corrosion resistance.^ The 
subject has been reviewed by Seymour. 



492 


MODERN ELECTROPT.ATING 


Non-aqueous solutions have been studied: pyridine solutions of 
MnCU gave no deposit, nor did solutions in fused alkylpyridinium 
halides, but acetone proved to be a satisfactory solvent and liquid 
ammonia solutions of Mn(CNS)2 yielded deposits.^^ 

MERCURY 

The iininersion plating of mercury, as an undercoat for silver plating, 
has been eni])loyed industrially, as a so-called '‘blue-" or “quickening^” 
dipi4iA According to a British patent^'* elcctrodcposition is better 
for this purpose than nnniersion plating because the hydrogen evolu- 
tion prevents the formation of mercuric oxide. The bath is: HgCli, 
1.5 oz; NaCN, 4 oz; NH4CI, 2 oz; water, 1 gal. In a recent pateni 
mercury is given as one example of metals which can be deposited\ 
from hydroxythiol baths. 

The deposition of mercury as an analytical procedure has been ex- 
tensively studied.-’®' C/yanide baths have been studied by 
Plsin and Altiinova.'^^ Mercury can be deposited from liquid am- 
monia/'^^'^^® 

MOLYBDENUM 

» 

The results of the extensive work which has a])pearcd on the electro- 
ileposition of molybdenum remain doubtful; several authors report 
their inability to check previous reports. According to Fink molyb- 
denum exhibits the phenomenon of “self-polarization,” i.e., it will not 
deposit on itself, so that, as soon as a monatomic layer is formed, dep- 
osition ceases unless depolarization comes about through simultaneous 
deposition of another metal, or by the formation of an alloy with the 
cathode. Thus it can be deposited on, or into, a mercury cath- 
Claims for the plating of molybdenum are, however, 
fairly numerous; they include several patents; 8+-222,2.io,2r.8,ii6i,308 
Belyaev and Lipovetskaya “® were unable to confirm Paul's method, 
and Price and Brown could not deposit molybdenum by following 
Yntenia's directions.^®® 

A “black molybdenum” plating process has been described.^"® This 
deposit is not metallic molybdenum but a mixture of nickel and 
molybdenum oxides. The bath is: 4 to 5 oz/gal ammonium molyb- 
date, 3.5 oz/gal nickel sulfate, pH 4.3 to 4.7, temperature 55° to 
80°C, c.d. 2 to 5 amp/sq ft; plating time 8 to 10 min, with agitation. 
After a thickness of 0.001 in. has been attained, deposition slows down 
and finally ceases altogether. The literature on molybdenum plating 



UNCOMMON METALS 


493 


has been reviewed and some new data offered by Ksycki and 
Yntema.^^^^ Good deposits of metallic Mo wero claimed by these 
authors from various baths, containing formates, acetates, propionates, 
or fluorides of Na, K or ammonium. Cathode efficiencies were less 
than 1%. 

A method of plating molybdenum-cobalt alloys has recently been 
patented. The bath is highly alkaline and contains Na 2 Mo 04 , 
C 0 SO 4 , NaOH, Na 2 CO;i, and dextrose. The plates are claimed to be 
hard, bright, and adherent, but the molybdenum content is not stated. 
The current density is up to 5 amp/sq ft. The patent aKso offers a 
possible explanation of the function of the cobalt (or iron) in allowing 
deposition of molybdenum to proceed. 

Several publications on molybdenum and molybdenum alloy plating 
have appeared very recently. Yntema and his co-workers de- 
scribed and patented baths for deix)siting both the metal and 
its alloys, but some of their claims for success in plating pure molyb- 
denum were disputed. Seim and Holt plated alloys with 

iron, cobalt, and nickel from a citrate bath; McElwee and Holt-^^'^ 
plated ternary alloys of cobalt, molybdenum, and tungsten. 
plated chromium alloys from a chromic acid molybdic acid bath; he 
also deposited molybdenum oxide from a molybdate bath and then 
reduced it to the metal with hydrogen. 

Molybdenum has been deposited from alcohol solutions and 
from liquid ammonia,**^ though the latter has been questioned.’‘*^ In 
one of the bright zinc plating processes the deposit contains up to Vfo 
inolybdcnum.^®'-^ 

NIOBIUM 

The principal reports of the electrodeposition of niobium are by 
Izgarischcv and his co-workers,^'^®'^®"’^®*^ who used solutions of Nb^fls 
in KOH with additions of organic acids such as citric and oxalic. 
Temperature was 80°C, and c.d. 90-270 amp/sq ft. Niobium has some 
valuable propcj’ties which might make it attractive as a plating metal, 
but the published reports await independent verification. Some 
Japanese patents claim deposition of niobium from unspeci- 

fied complex salts. 

POLONIUM 

The electrochemistry of this rare radioactive element has been re- 
viewed by Haissinsky.^^*^ It can be deposited by immersion on many 
metals, and can also be electrodcposited.®^ Considering its extreme 
scarcity, it is interesting to note that a commercial use was found for 
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polonium: it was claimed to improve the performance of spark plug 
electrodes.®®' Most of the investigations of this element are of 
theoretical interest only (Refs. 52B, 115, 118A, 127, 144, 154, 155, 
201, 242, 263). 

PROTACTINIUM 

The electrochemical behavior of this rare radioactive element has 
been reviewed by Haissinsky,^^'^'*'*’^ Bouissieres,^'^ and Danon and 
Ferradini.®^^ i 

RARE EARTHS 

Except for lanthanum and cerium (q.v.) little has been published 
on the electrochemistry of the rare earths. Broughall claimed thd 
deposition of some (unspecified) rare-earth metals from solutions of\ 
the halides, nitrates, cyanides, or thiocyanates in liquid ammonia. 
Fractional electrolysis has been used to separate the rare-earth 

metals.®"- 208 


RHENIUM 

Rhenium is commercially available in limited quantities. Accord- 
ing to Fink and Deren good deposits of it can be obtained relatively 
easily from various baths, including phosphates, oxjilates, and alkaline 
solutions, bui^ sulfate baths are preferred. One formulation is: KRe 04 , 
11 g/1; cone. H 2 SO 4 , 3.3 g/1; pH, 0.9; temperature, 25° to 45°C; c.d., 
90 to 130 amp/sq ft. Perrhenic acid may be substituted for the potas- 
sium perrhcnatc. 

The same authors report that the hardness of rhenium is 250 Brincll 
as i)lated, when chromium is 400.* It is mirror bright if plated on a 
polished surface, has high resistance to HCl, and may be codeposited 
with nickel and cobalt. Young suggested increasing the acid con- 
centration in Fink and Deren’s solution. The corrosion resistance of 
the deposit has been questioned.*”” There are several additional men- 
tions of rhenium plating ' 2”- 21 r./iji.r,, 289 , after 1938, al)out 
which time interest in the subject appears to have died out, until it was 
revived by Netherton and Holt,^'*** who reviewed tlie literature, con- 
firmed the fact that sulfate baths were preferred, and offered a citric 
acid bath as an alternative. They also reported the deposition of al- 
loys of rhenium with iron, cobalt, and nickel. 2 '*®^ A patent to Levi 
suggests heating the deposit to change its crystalline form. Druce 
has published a monograph on rhenium. 

* The hardness of chromium plate is closer lo 900 Brmell. 
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SELENIUM 

Selenium may be deposited from selcnious acid solution.'^*’ Several 
authors have reported that continuous deposition is possible only if an- 
other metal is codeposited, and it is at least true that the princi- 
pal uses of selenium have been as minoi* additions to other baths as 
brightenors. The addition of SeO^ to nickel baths has been sug- 
gested, and silver selenide is claimed to brighten cyanide sih^'r 
])late.“'^^ Recently Bloom and von Hippel have patented a 

})rocess for depositing selenium on the anode, from selenide solutions, 
for rectifier ap])lications. Kofroii has patented a solniion of sodium 
si'lenite plus HC-1 for a similar apiilication ; and Modjeska and co- 
workers have advocated the use of essentially water- free solutions 
in phosi)lioric acid. 

TANTALUM 

There are several reports of tantalum dei)osition in the literature, 
but the evidence is not convincing. Izgarischev and Prede claimed 
to de]X)Sit tantalum from solutions containing glucose, potassium sal- 
icylate, and resorcinol; but Holt^**** was unable to repeat. Strongly 
alkaline solutions arc recommended in a German patent; and Arm- 
strong and Mcnefee, in a series of patents which appear to include a 
large portion of the periodic table,’® have used fluoride solutions, either 
acid or alkaline. Alloys of tantalum with iion or cobalt are also 
claimed by these ^^orkers. Mey uses tantalum or chromium to 
obtain a si)angled effect when dei)osited on a shiny base metal. 
BroughalP* claims to have deposited tantalum from liciuid ammonia 
solutions. A series of Japanese patents claim deposition from “com- 
plex salts,” and unsupported statements that tantalum has 
been electroplated have appeared.^®^"^ 

Other references are given by Hopkins,’’^ who concludes that, in 
spite of the many attempts to deposit tantalum from aqueous solution, 
the results are not encouraging; Seim and Holt have announced the 
same conclusion. 

TELLURIUM 

Though tellurium can apparently be deposited rather easily from 
aqueous solution, it is doubtful whether the deposit would have any 
practical value. Lenher said that the properties of the metal sug- 
gest its use in electroplating, but Mathers and Turner did not agree, 
stating that its extreme brittleness would bar its use. The latter 
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authors found that a solution containing Te02 300, HF (48%) 500, 
and H2SO4 200 g/1, at c.d. 15 amp/sq ft and room temperature, gave 
good deposits at high efficiency and with no need for addition agents. 
Lukas and Jilek^®*^ used an ammonium sulfate-tartrate solution con- 
taining malonic acid and a small amount of a tellurium compound; 
Muller merely dissolved Te02 in sulfuric acid. Tellurium, like 
selenium, has been used as a brightener in nickel baths. 

THALLIUM I 

Brown and McGlynn obtained good deposits of thallium from W 
])crchlorate bath containing peptone and cresylic; acid, at c.d.^s around 
9 amp/sq ft; the bath contained 40 to 120 g/1 TICIO4 and 60 g/1 frei 
HCIO4. Sulfate and fluosilicate baths were not satisfactory. Kohl-' 
schutter and Good made a theoretical study of the TI2SO4 bath; 
Parks and LeBaron studied the deposition of thallium alloys. The 
older literature is reviewed by Mellor.^*’^ Piontelli obtained good 
immersion deposits on a rotating zinc rod from a solution of TlSO;iNH2 
(sulfamate) 120, Ba(S03NH2)2 230 g/1. If the rod was not rotated, 
the deposit was spongy and non-adherent.®^ Bertorelle and co-work- 
ers have studied the deposition of thallium and its alloys koni fluo- 
borate baths. 

Yntema and Audrietli deposited thallium from solutions of Til 
and TINO3 in liquid ammonia; and from solutions of T1 salts in acet- 
amide and formamide.'*^^ Booth and Merlub-Sobel also investigated 
liquid ammonia solutions, and Plotnikov and Gorenbein obtained 
deposits of thallium from an organic bath using ethyl bromide as 
solvent. 


THORIUM 

Fink,^® and Fink and Jones claimed thorium deposition from an 
alkaline solution of Th02 and a trace of a salt of another metal to act 
as a “depolarizer.” The recommended bath contains 52 g/1 Na2C03, 
21 g/1 ThOo, 60 g/1 dextrine, and a trace of Ni(OH)2 or a zinc salt. 
Temperature is 80° C. Mardcn and co-workers patented a solution 
of Th(OH)4 in HBF4 or H2SiF6; or ThCL and potassium lactate: in 
this case also the presence of another metal is desirable, lead and iron 
being recommended. The deposit is a thorium alloy. Booth and 
Merlub-Sobel could obtain no deposit of thorium from anhydrous 
ammonia solutions; Atanasiu and Babor’^ obtained non-metallic de- 
posits of a thorium compound from ethyl alcohol solutions ; but Cotelle 
and Haissinsky reported that thorium could be deposited on a silver 
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cathode from solutions of thorium nitrate in ethyl alcohol in the 
presence of 15 to 20% acetone and a trace of water. Its deposition 
from a “complex salt of an organic acid” has been claimed.’ Sec 
also Ref. 51A. 

TITANIUM 

Efforts to electrodeposit titanium have led to ambiguous results. 
More than a hundred years ago Becquerel electrolyzed a concen- 
trated HCl solution of titanium and iron chlorides with platinum elec- 
trodes and obtained a deposit which was said to contain titanium, 
though if the iron was omitted there was no deposit, delkissy re- 
ported a silver-white plating of titanium from a solution of potassium 
titanate, sodium sulfate, and sulfuric acid. A solution of titanium sul- 
fate in anhydrous sulfuric acid is reported to yield the metal ; other 
solutions which have been recommended are Ti(OH)4 in sulfanilic 
acid; Ti (804)2 in aqueous sulfuric acid containing sodium sul- 
fate; strongly alkaline titanate solutions.-'*’^ Fink and Jones, in the 
patents already referred to,'®*®*^ claimed deposition of titanium from: 
10 g/1 Ti02, 15 cc/1 I-JF (or 30 cc/1 50% HF), 10 cc/1 HCl, 0.5 g/1 
gelatin; SO^C and about 150 amp/sq ft. Traces of copper are recom- 
mended as a “depolarizer.” Keyes and Swann could not plate 
titanium from aqueous solutions. 


TIJN(]!STEN 

Perhaps more effort has been expended on attempts to develop a 
practical process for plating tungsten than on any of the other elements 
under consideration here — perhaps indeed more than all the rest com- 
bined. Tungsten electroplates would undoubtedly have utility, and, 
although the metal is relatively expensive it is not so much so as to 
bar its use in specialized applications. The success of chromium plat- 
ing has no doubt spurred efforts in tungsten deposition, for the chem- 
istry of the two metals is at least formally similar. Despite this quan- 
tity of effort, however, it remains doubtful if pure tungsten has been 
deposited from aqueous solution; tungsten alloys can be plated, but 
until very recently they have shown little promise of commercial 
utility. 

The literature of tungsten plating goes back to 1809.^^® Most of the 
earlier workers reported that solutions of tungstates or salts of hexa- 
valent tungsten were reduced at the cathode to compounds containing 
the metal in a lower state of oxidation, and not to the metallic form- 
Fink and Jones, whose patents have already been repeatedly 
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cited/®’ were among the first to claim successful tungsten deposi- 
tion, though their results have been questioned. These authors used 
highly alkaline hot solutions of tungstates: a typical bath contained 
Na 2 C 03 330, WO3 125 g/1, at lOO^’C, c.d. 200 amp/sq ft, and platinum 
anodes. The presence of a trace of ^^depolarizing metal” was very 
beneficial or even necessary; this fact prompted Holt^'*'^ to observe 
that the deposits were not pure but always contained the trace metal, 
and a short polemic ensued.^®' Earlier Holt and Kahlenberg 
had reported that tungsten could be plated from: Na 3 P 04 100 g, WOg 
30 g, and water 150 cc, temperature 90^^ to 100°C, c.d. 90 amp/sq ft. 
The cathode efficiency was less than 1%, and the bath became inopera- 
tive after a while and could not be reconditioned. The early exhaus- 
tion of the bath suggests the deposition of some impurity unsuspected 
at the time, and checks well with Hofi/s later views. \ 

GoPts and Kharlamov made observations in agreement with 
HoH/s reports. Other Russian workers recommended periodic, addi- 
tions of NiS 04 , under which conditions thick deposits (0.2 mm) were 
obtained. Glazunov and Jolkin investigated similar baths; 

Glazunov claimed that, at 90°C, pure tungsten can be de])osited, 
though only as a thin layer. Other workers have noted that traces of 
iron arc necessary for ])lating to proceed. 

Between 1935 and 1939 a formidable series of patents were issued to 
Armstrong and Menefee^®’’^ which dealt with the electrodeposition 
of tungsten from fluoride baths, and according to Dubpcrnell this 
])rocess did have some limited commercial use. A ty]:)ical formulation 
is given as: a reaction product of WOs or a derivative thereof, with 
an alkaline bifluoride; the bath may contain other halides as well as 
II3BO3 and tartaric acid. Tungsten alloys may also be plated, as by 
the addition of NiCOs. The anodes may be platinum, tungsten car- 
bide, or a mixture of tungsten carbide and the alloying metal. 

Space does not permit detailed review of all the other references cited 
in the bibliography (Refs. 50, 91, 144, 158, 158A, 162, 170, 173, 182, 
213, 231, 247, 258, 289, 308). The most recent claim to pure tungsten 
plating appears to be that of Harford,^ which immlves an aqueous 
solution of an alkyl hydrocarbon polyamine (e.g., diethylene triamine). 

Broughall,^^ in a rather all-inclusive patent, lists tungsten among 
the metals platable from liquid ammonia solutions; but Booth and 
Merlub-Sobel were unable to plate the metal from this solvent. The 
Wolfram Dampen AG, in two German patents describe methods for 
plating tungsten from acetone solutions of the hexachloride, or per- 
tungstic acid in water, alcohol, or ether; but, again, attempts to repeat 
by others were fruitless,®^* 
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The situation with regard to the deposition of tungsten alloys is 
much more clear-cut. Tungsten has been codeposited with nickel, 
copper/"” platinum,^"" iron/'^ and chromium."""^ Holt and his co- 
workers have published many reports on the deposition of tungsten 
alloyed with iron, nickel and cobalt (Refs. 52, 131, 133, 135-138, 140- 
142, 183, 234). In recent papers Holt and Vaaler^‘=^ and Clark and 
Lietzke have offered a mechanism for the deposition process, at- 
tempting to explain the function of the alloying metal in allowing dt'j)- 
osition to i^roceed. 

Brenner and co-workers have recently developed a pj’ocess for 
plating cobalt-tungsten alloys which ai)j)ears to have promise of com- 
mercial usefulness. These deposits are characterized by their high 
hardness, especially hot, and are superior to chromium in throwing 
powej' and ('fficiency. Similar solutions have been described in (Jer- 
many and India.^^^^ Pollack has reviewed the status of tung- 
sten plating in (Germany. 


URANIUM 

Most reported atteni]its to deposit uranium have yielded negative 
results. Mellor-^' summarizes the early work; Hojikins concluded 
that even non-aqueous solutions failed to produce results. A Wolfram 
Lampen AG patent, noted under tungsten, claims uranium deposi- 
tion also, from acetone solutions. Eastman electrolyzed UBr4 or 
UBi’a in solvents su<.di as ethanol, formamide, acetamide, or glacial 
acetic acid. Heal has reviewed the electrochemistry of the clement. 

VANADIUM 

Two indejiendent observers reported that they had succeeded in 
jilating vanadium by an identical jirocess, but later work has tended 
to refute their claims. Cowper-Coles said he obtained brilliant 
metallic deposits of vanadium from 1.75 parts V2O5, 2 parts NaOH, 
160 parts water, 32 parts HCl, c.d. 18 to 20 amp/sq ft, 1.88 v, carbon 
anode and platinum cathode. Gin confirmed and improved the 
solution by adding fluoride ion. Nevertheless Fischer "" made a thor- 
ough study of the process and was unable to repeat the deposition ; he 
also gave a complete literature review, to which reference may be made 
for further citations. Very little has been added to the literature on 
vanadium deposition since Fischer's paper (published in 1916). Keyes 
and Swann reported failure to obtain a deposit, and a German 
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patent repoiis that the metal can be plated from strongly alkaline 
solutions saturated with vanadium oxidc.^"’® 

WOLFRAM 

See Tungsten. 

ZIRCONIUM 

Bccquerel in 1831 electrolyzed a solution of ZrCU and a small 
amount of FeCla in a divided cell and said he obtained a deposit lof 
zirconium. Fink and Jones®® recommended excess Zr(OH )4 sus- 
pended in 10% Na 2 C 03 plus a small quantity (?) of sulfuric acid lo 
bring the pH to 5.0 to 5.2, at 80°C. Bradt and Linford reviewra 
the literature and investigated possible processes. They may have 
succeeded in depositing extremely thin layers of zirconium from solu-\ 
tions of sodium and zirconyl sulfates, under carefully controlled con- 
ditions. A recent patent assumes the possibility of zirconium plat- 
ing from “aqueous complex sulfate baths. Kita and associates,^®® 
however, dispute this claim and conclude that there is hardly any pos- 
sibility of obtaining zirconium from aqueous solution. Koizumi and 
co-workers claimed to deposit the metal from complex salts;! 
but, again, Holt^'^®^ failed to obtain deposits by any of the* published 
methods of which he offei’s a bibliography. 

A recent patent describes the deposition of zirconium from a non- 
aqueous solution of the oxychloride in butanol. Electrophoretic 
deposition from alcohol solutions has been patented.^®^^ It is claimed 
that zirconium can be plated on a cathode with which it will alloy 
from aqueous solutions containing a reducing agent.^^®^ 



